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THE VARIATION OF VISUAL SENSORY REFLEX ACTION 
WITH INTENSITY OF STIMULATION* 


By Frank ALLEN 


SYNOPSIS 
In this paper there is first a brief résumé of former investigations on the Porter Effect in 
regard to the retinal effects of varying the intensity of the light stimulus. 
Seventeen new Porter graphs have been obtained with bright colors, and instead of only 
two branches that the Porter graphs were believed to have, from three to five were found. 
The effect upon the retinal sensitiveness was measured for intensities corresponding to 


each branch of the graphs. It was found that this consisted of depression or enhancement of 
the sensitiveness of the retina. 


The relation of these discoveries to the following visual phenomena is discussed: The 
Fechner Paradox, the Purkinje effect, the Receptor process in respect to the Hering, Edridge- 
Green, Ladd-Franklin and Young theories, the Weber-Fechner law, Equilibrium effects, In- 
variable colors, the Self light and Sensation process, the Duplicity theory, Reciprocal innerva- 
tion, and the partial reconciliation of the Young and Hering color theories. 

In former papers! the writer developed in considerable detail the 
characteristics of sensory reflex actions in color vision, which were 
obtained by stimulating the eyes with many spectral colors extending 
from the wave length .740y in the red to .410p in the violet. 

The method of making the measurements was fully described in 
the papers referred to, but may briefly be outlined here. A spectrum of 
wide dispersion was formed with an acetylene flame as the source of 
light. By maintaining the gas at a constant pressure the physical bright- 
ness of the spectrum may be kept unvarying for months. A sectored 
disc, rotated in the path of the light, caused the portion of the spectrum 


* Read at the meeting of the Optical Society of America, Cornell University, Ithaca, New 
York, October, 1925. 
1 On reflex visual sensations. J.0.S.A. & R.S.L., 7, p. 583; 1923. 
Reflex visual sensations and color contrast. Ibid., p. 913. 
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under observation to flicker; and the speed of the disc at the critical 
frequency of flicker, i.e., when the intermittent flashes of light appear 
just continuous, was accurately measured. From this the duration of 
a single flash of light of undiminished brightness was computed. A series 
of measurements on small patches of color of wave lengths suitably 
chosen over the whole spectrum enabled a persistency curve to be 
obtained, such as is shown in Fig. 3, which represents the brightness 
of the standard or reference spectrum to the eye in its normal condition 
of daylight adaptation. 


vow Coo 
. P A 


D 


Fic. 1.~A rrangementrof apparatus: Lilight; P, polariser; A, analyser; D, disc. 


If either eye is then stimulated with a bright monochromatic color 
and the measurements on the standard spectrum repeated and plotted 
as a second persistency curve in comparison with the former, any 
differences between them must be due to the physiological effects of 
stimulation. According to the Ferry-Porter law,’ the critical frequency 
of flicker is determined solely by the brightness of the color and is not 
affected by the hue. As the physiological brightness depends on the 
sensitiveness of the visual receptors, the effects of monochromatic 
stimulation may be determined with great precision and in much 
detail. 

In the former experiments the colors used for stimulation, having 
been obtained from a very bright arc light spectrum, were very intense. 
In the papers referred to they were described as approaching whiteness 
in the central part of the spectrum. This statement is somewhat 
extreme, as the colors in every case, though very intense, were clearly 
recognizable. In addition to the actions of colors the effects of stimula- 
tion with very bright and very dim white light were also measured. 
When the left eye was stimulated with bright colors and white light, 
certain effects were transferred to the right through sensory reflex 


2 Ferry, Am. Jour. Sci., 3, p. 44; 1892. 
Porter, Proc. Roy. Soc., 70, p. 313; 1901. 
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action, by means of which the retinal receptors corresponding to the 
three primary colors, red, green and violet, became enhanced in sen- 
sitiveness. But when dim white light was used for stimulation in exactly 
the same way, it produced the opposite effect, and caused the right 
retinal receptors to be depressed in sensitiveness. This latter effect is 
known as the Fechner Paradox. 

In a brief review* of these papers it was suggested by Dr. Hartridge 
that the investigation of the Fechner Paradox might be extended to 
monochromatic stimulation as well. In private communications it 
was also suggested by Mr. John Tennant, London, that the former 
researches should be supplemented by studying the effect of stimulation 
with colors of moderate intensities. 

The writer thereupon decided to make the necessary experiments, 
but in so doing desired to connect the intensities of stimulation with 
other visual measurements. After much consideration the peculiar 
phenomenon discovered by Porter‘ for white light, and by Ives® for 
colors, appeared suitable for the purpose. It was found by the former 
that when the reciprocals of the duration of flashes of white light at the 
critical frequency of flicker were plotted against the logarithms of the 
intensity of the light, the graph consisted of two straight lines of 


different slopes similar to the two lowest branches of the graph in 
Fig. 2. The intensities of the illuminations used by Porter varied from 
a few tenths of a meter-candle up to 1600 meter-candles. This result 
was extended by Ives to spectral colors with similar results, except 
that the intensities of the colors were not very high. 

In both cases the graphs conformed to the equation, found by 
Porter, 


1/D=k log I+C 


where D is the duration of a single flash of light upon the retina at the 
critical frequency of flicker, J is the intensity of illumination, and & and 
c are constants, which have different values for the two branches of 
the graphs. Later the present writer confirmed® the results of Ives, 
and also concurred in the explanation that the upper branch of the 
graph represented cone vision for bright light, and the lower rod vision 
for dim light. This explanation was suggested by the Duplicity Theory 


3 Nature, 113, p. 370; 1924. 

* Proc. Roy. Soc., loc. cit. 

5 Phil. Mag., 24, p. 352; 1912. 
® Phil. Mag., 38, p. 81; 1919. 
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of von Kries, with which the two-fold character of the graphs appeared 
to be completely in harmony. 

Upon consideration, it seemed probable that if the left eye was 
stimulated by colors whose intensities corresponded to the lower branch 
of the Porter graphs, the Fechner paradoxical effect would be produced 
in the right eye; that is, the visual receptors in the right eye would be 
depressed in sensitiveness, thereby causing the reference spectrum to 
be perceived less brightly. It was further anticipated that by stim- 
ulating the left eye with colors whose intensities corresponded to the 
upper branch of the graphs, the opposite effect, enhancement of the 
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Fic. 2. Porter graph for wave length 687. Acetylene spectrum. 
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sensitiveness of the receptors of the right eye, would be produced. 
Should these effects be realized it would then follow that stimulation 
by a color corresponding in intensity to the point on the graphs where 
the change in slope occurred, would produce no effect of either kind. 

In the former papers, to which reference has been made, three series 
of experiments were described. In the first, the effect of stimulation of 
the left eye upon the corresponding portion of the right was investi- 
gated. In the second, the effect of stimulation upon the central area 
of the right eye, upon which the measurements were always made, was 
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studied. In the third, the effect of stimulation of one portion of the 
right retina upon a contiguous area was measured. 

In the first and third series it was found that the three primary 
sensations, red, green and violet, were enhanced in sensitiveness, the 
predominant effect occurring in those complementary to the stimulating 
color. In the second series the sensation or sensations directly affected 
were depressed in sensitiveness and the complementary enhanced, the 
effect again predominating in the latter. 

These were the effects anticipated to result from stimulation with 
color intensities corresponding to the upper branches of the graphs. 

In carrying out the experiments the color intensities were controlled 
by a pair of nicol prisms three centimeters in diameter placed in front 
of the slit of one of the collimators of the writer’s tri-color spectrometer.” 
This instrument has three collimators forming three spectra in the 
same eye-piece. In order to use the same rotating disc and its recording 
devices with each spectrum, the disc was placed in front of the shutters 
in a specially designed open Hilger eye-piece. The general arrangement 
of the apparatus is shown in Fig. 1. The orientation of the analyzer was 
such that the vibrations of the transmitted light were horizontal. Only 
the polarizer was rotated so as to vary and measure the intensity of 
the transmitted ray, which is proportional to the square of the cosine 
of the angle, 6, between the principal planes of the nicols. The experi- 
ments were all performed in daylight so that the unstimulated eye could 


TABLE 1. Porter effect for O87. Acetylene spectrum. 























Bye oe cos’? log cos” A 4 1/D 
0° 1 0 0.0224 44.6 
8°30’ 0.978 1.990 0226 44.2 
18°30’ 899 1.954 0230 43.5 
28° 0’ 779 1.392 0233 42.9 
38° 0” 621 1.793 0240 41.7 
48° 0’ 448 1.651 0251 39.8 
58° 0’ 281 1.448 0266 37.6 
68° 0’ 140 1.147 0294 34.0 
78° 0’ 043 2.636 0333 30.0 
82° 0’ 0194 2.287 0366 27.3 
85° 0’ 0076 3.881 0385 26.0 
87° 0’ 0027 3.437 0422 23.7 
88°30’ 0007 2.837 0487 20.5 





7 J.0.S.A. & R.S.L., 8, p. 339; 1924. 
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be maintained in daylight adaptation. All measurements described in 
this paper were made with the central part of the right eye. 

In the first experiments an acetylene flame was used, and with it 
the Porter graph in Fig. 2 was obtained for the selected red color, .687y. 
The measurements are given in Table 1. After this graph was obtained 
it became possible to stimulate the eye with colors whose intensities 
corresponded to any branch, and thereby to discover what character- 
istics were peculiar to each. This graph is composed of two long well 
marked branches and the beginning of a third, the two points of which 
were regarded at first as slightly inaccurate read‘ngs. The lowest 
branch has been termed the @ branch, or the range of intensities the 
a intensities, and the others the 6 and y. 

The curves representing the results of retinal stimulation are usually 
shown in the form of the persistency curve in Fig. 3, where the broken 
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Fic. 3. Effect of stimulating the right eye with red, .687p, of B-intensity, I =0.179. 
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line is the normal or reference curve for the eye in ordinary daylight 
adaptation, and the continuous line is for the same eye, and represents 
the result of stimulation. In the lower part of the figure the same curves 
are reproduced in another form. The normal readings everywhere are 
given an arbitrary value of 100, and the others are reduced in the same 
proportion. This latter method of representation shows still more 
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closely the differences between the curves, and the effect of stimulation 
may be more accurately estimated. Where the curve obtained after 
stimulation is above the normal, it shows that that color has become 
physiologically less bright, and that the corresponding color sensation 
has been depressed in sensitiveness; where it is below the normal, it 
indicates that the color has become physiologically brighter than 
normal, and therefore that the color sensation is enhanced. By this 
method, which is adopted throughout this paper, all the curves obtained 
after stimulation with one color at different intensities can be arranged 
for comparison in a single figure. 


EFFECTS OF RETINAL STIMULATION 


When the left eye was stimulated with the color .687 of an intensity 
(I =0.015) corresponding to a point in the lower branch of the graph 
in Fig. 2, depression of the receptors of all three fundamental sensations 
in the right eye was produced, a result which is exactly in accordance 
with the Fechner Paradox. The curve obtained is that marked A in 
Fig. 4. When the right eye was stimulated with the same color, but of a 
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Fic. 4. Direct and reflex effects of stimulating the right and left eyes with the 
wave length .687u at different intensities. 
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slightly greater intensity (J =0.0194), a similar curve, D, Fig. 4, was 
obtained. 

When the intensity of the stimulus was raised from 0.0194 to 0.096, 
but still corresponding to the lowest branch of the Porter graph, the 
same type of curve, E, Fig. 4, resulted, though the elevations above 
the normal are not as high as those in curve D. 

The three curves have one elevation extending from the beginning 
of the red to about wave length .590u, and a second extending from 
that point over the rest of the spectrum. The second elevation shows 
indications of being composed of two parts corresponding to the green 
and violet regions of the spectrum. 

When the left eye was stimulated with the same red color but of 
full intensity, the visual receptors in the right eye became reflexly 
enhanced in sensitiveness, an effect just the opposite of that previously 
obtained. This is shown by the curve C in Fig. 4, which lies wholly 
below the normal. Similar results were obtained when the right eye 
was stimulated with intensities corresponding to the intermediate 
and highest branches of the Porter graph, which are shown in curves G 
and H in Fig. 4. With both intensities the three color sensations are 
enhanced in sensitiveness, and the threefold division of the curves 
at the wave lengths .660 and .500y is well marked. Curve G is also 
shown in the persistency curve in Fig. 3. 

Since stimulation with color of a intensity produced depression of 
sensitiveness of the visual receptors, and with color of § intensity 
enhancement, it seemed probable that stimulation with the color of 
an intensity (J =0.117) corresponding to the point where the change of 
slope occurs would produce no effect of either kind. Curve B, Fig. 4, 
shows the reflex action obtained in the right eye after stimulation of 
the left. It is marked by three slight depressions indicating enhance- 
ment of the three sensations. Curve F, in the same figure, shows the 
effect when the right eye was stimulated directly. In this case the red 
sensation is slightly reduced in sensitiveness, and the green and violet 
sensations are enhanced. Evidently there is an intensity of the stimulus 
which gives the transition from one type of action to the other, though 
the intensity used was evidently a little too high. Curve F, however, 
shows that the reversal of actions may not occur for the three sensations 
at the same intensity of stimulation. 

The measurements for the eight curves just discussed are given 
in Table 2 for the right eye, and in Table 3 for the left. 
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TABLE 2. Right eye stimulated with 687. Acetylene spectrum. 
N I=1 I=0.179 I=0.117 
d Normal /|£-intensity pony B-intensity os ist Infl.Pt. wee 
sec. sec. sili Sec. gh st sec. N=100 
740» | 0.0262 | 0.0245 93.5 | 0.0244 93.1 | 0.0260 99.2 
.720 .0231 .0220 95.3" 0218; | 94.2 .0233 | 100.9 
-700 .0199 .0195 98.03 0189, | [95.0 .0203 | 102.0 
.660 .0158 0158, | 4100.0, | .0159,]| 100.5 0160 | 101.2 
.620 -0138 .0136 , 98.5 -0136 98 .6 0136 98.6 
.590 0131 .0128 97.7 0125;| 95.5 0128 97.8 
.550 .0134 .0128 95.5 0129 96.3 0133 99.3 
.530 .0144 .0138 95.8 .0141 98.0 0143 99.3 
.500 .0179 -0175 97.8 .0181 101.0 .0184 102.9 
.480 .0220 .0213 96.7 -0218 99.0 .0219 99.5 
.470 .0240 .0224 8 ees ery .0237 98.6 
-450 .0290 .0263 90.6 .0270 93.0 .0283 97.5 
.433 -0335 .0310 92.5 -0312 1h cate hela. 1s 
.420 -0362 .0336 92.8 .0347 95.8 0360 99.5 
1=0.096 1=0.019 
r a-intensity pers a-intensity ale 
haa N=100 eat = 
-740 pu 0.0268 102.3 0.0292 111.5 
.720 .0242 104.8 .0251 108.6 
.700 .0209 105.0 .0219 110.0 
.660 .0166 105.0 .0170 107.5 
.620 .0142 103.0 .0142 103.0 
.590 0131 100.0 -0136 103.8 
.550 .0137 102.2 .0142 106.0 
.530 .0147 102.2 .0152 105.6 
.500 -0185 103.3 .0193 107.8 
.480 .0226 102.8 .0236 107.2 
SS ar, MN ee, A ek oe eis -0260 108 .2 
- gg Sea ee ae .0304 104.8 
-433 .0338 101.0 -0352 105.0 
5 ee, pat LE | ele ye .0373 103.0 
In the experiments described in the papers to which reference has 
been made, it was found that when the right eye was stimulated with 
colors from an arc light spectrum, one or two sensations were always 
rendered less sensitive and the others enhanced. With the red color 
6874 the red sensation was depressed in sensitiveness and the green 
and violet enhanced. This is shown as curve D, Fig. 8, which is re- 
produced here from the original paper. The data and reference are 
given in Table 6. 
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TaBLe 3. Left eye stimulated with 687. Acetylene spectrum. 











N I=1 I=0.117 I=0.015 
r Normal |y-intensity Reduced ist Infi.Pt. Reduced a-intensity Reduced 
he saan N=100 aa N=100 a N=100 
-740p 0.0262 0.0237 90.5 0.0255 97.3 0.0266 101.6 
.720 -0231 .0206 89.1 .0232 100.5 .0239 103.3 
.700 .0199 .0184 92.5 .0198 99.5 .0208 104.2 
.660 .0158 .0150 95.0 .0155 98.1 .0167 105.7 
.620 -0138 .0133 96.3 .0137 99.3 .0142 103.0 
.590 .0131 .0127 97.0 .0129 98.5 .0133 101.5 
.550 .0134 .0129 96.3 .0131 97.7 .0140 104.3 
.530 .0144 .0137 95.0 .0139 96.5 .0149 103.5 
.500 .0179 .0173 96.6 .0176 98.3 .0188 105.0 
.480 .0220 -0201 91.4 .0216 98.2 .0232 105.5 
.450 .0290 .0253 87.2 .0285 98.3 .0294 101.3 
.433 .0335 .0302 90.2 -0328 98.0 .0340 101.4 
-420 .0362 -0332 91.7 .0359 99.2 .0370 102.3 


























In the experiments that have just been described, all three sensations 
were enhanced with the brightest light available from the acetylene 
flame through the nicol prisms. It was obvious, therefore, that the 
Porter graph must have other branches with brighter light. Since 
Porter’s original graph obtained with white light consisted of only two 
branches up to intensities of about 1600 meter-candles, it was inferred 
that different colors would behave differently in their retinal effects, 
and that Porter’s graph represented the combined results of all colors. 
Experiments with the acetylene flame, therefore, were discontinued, 
and in its place a 250 watt projection lamp was used, the current being 
supplied by a storage battery of 110 volts. The current in the lamp 
was kept at a constant value by an assistant while all further measure- 
ments were taken. This light was much brighter than the gas flame; 
though the nicol prisms with their principal planes parallel reduced its 
available intensity by one half. 

It was decided, therefore, to obtain Porter graphs for colors through- 
out the spectrum. Seventeen colors were investigated as fully as 
experimental conditions permitted. The measurements are given in 
Table 4 and the corresponding graphs are shown in Figs. 5 and 6, the 
former containing those for the colors from .700p to .570u, and the 
latter those from .570pu to .410y, the graph for .570u appearing in each 
figure. 
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TaBie 4. Porter graphs. 
: .700u 6874 -660u 

0 Intensity log cos” D |1/0| Dp |1/D| D {14D 

Degrees cos’? os aoe. sec. 
0° 1 0 0.0185 | 54.1 | 0.0154 | 64.9 | 0.0148 | 67.6 
10 0.970 1.987 0188 | 53.2 0157 | 63.7 -0150 | 66.7 
20 .883 -946 0191 | 52.4 0162 | 61.7 -0151 | 66.2 
30 .750 .875 0197 | 50.8 0171 | 58.5 -0154 | 64.9 
40 .587 .768 -0206 | 48.5 0179 | 55.9 -0158 | 63.3 
50 413 .616 .0218 | 45.9 | .0185 | 54.1 | .0165 | 60.6 
60 .250 .398 0232 | 43.1 0195 | 51.3 | .0177 | 56.5 
70 117 .068 0254 | 39.4 | .0217 | 46.1 | .0193 | 51.1 
75 .067 2.826 .0280 | 35.7 0229 | 43.7 | .0213 | 46.9 
80 -030 .479 .0312 | 32.1 0261 | 38.3 -0235 | 42.6 
82 .019 . 287 -0338 | 29.6 .0280 | 35.7 .0244 | 41.0 
84 O11 .038 0354 | 28.3 | .0298 | 33.6 | .0259 | 38.6 
86 -0049 3.688 0377 | 26.5 0328 | 30.5 .0287 | 34.8 
87 .0027 a BARS 0356 | 28.1 | .0320 | 31.3 
88 .0012 Pe OR eae eee 0348 | 28.7 
89 .0003 ee Po SO iained Basen ah conee 

-650u 640u 630u -590u 
6 D 1/D D 1/D D 1/D D 1/D 
sec. sec. sec. sec. 

BA Be crete .... | 0.01410 | 70.9 | 0.01349 | 74.1 | 0.01249] 980.1 
10 0.0142 70.4 01415 | 70.7 ; og OY Et eee fon 
20 0143 69.9 .01428 | 70.0 01360 | 73.5 01265 | 79.1 
30 0145 68.5 01438 | 69.5 01370 | 72.9 01295 | 77.2 
40 .0150 66.7 .01450 | 69.0 01395 | 71.7 01333 | 75.0 
50 .0152 65.8 01462 | 68.4 01405 | 71.2 01348 | 74.2 
60 0154 | 64.9 | .0148 67.6 0144 | 69.4 0138 72.5 
70 0170 | 58.8 | .0159 | 62.9 0148 | 67.6 0142 | 70.4 
75 .0183 54.6 | .0168 59.5 .0157 63.7 0145 69.0 
80 0207 48.3 | .0182 54.9 .0172 58.1 .0157 63.7 
82 .0222 45.0 | .0190 52.6 0183 54.6 0168 59.5 
84 .0242 41.3 | .0206 48.5 0196 51.0 0179 55.9 
86 .0277 36.1 .0223 44.8 .0220 | 45.5 .0202 49.5 
88 .0340 29.4 .0267 37.5 .0275 36.4 .0244 41.0 
Mee Scsckt 2 aekut 4m eorcedh. we! eel tars .0298 33.6 
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TABLE 4. Continued. 
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-572y -570u -550pu -520u 
0 D 1/D D 1/D D 1/D D 1/D 
sec. sec. sec. sec. 
°° 0.0121 82.6 | 0.01157 | 86.4 | 0.01242 | 80.5 | 0.0132 75.8 
a ee bcc Epp aleahina ids » .01249 | 80.1 -0132 75.8 
20 0122 81.9 01163 | 86.0 .01275 | 78.4 .01335 | 74.9 
30 0124 80.6 01172 | 85.3 -01312 | 76.2 -0134 74.6 
40 0125 80.0 01178 | 84.9 -0132 75.8 -0135 74.1 
50 0128 78.1 0120 83.3 .0134 74.6 -0136 73.5 
60 0133 75.2 0126 79.4 -0138 72.5 .0143 69.9 
70 0140 71.4 0134 74.6 .0143 69.9 -0154 64.9 
75 0148 67.6 0142 70.4 -0151 66.2 .0166 60.2 
80 0158 63.3 0155 64.5 .0166. 60.2 .0181 55.2 
82 0166 60.2 0162 61.7 -0174 57.5 -0191 52.4 
84 0178 56.2 -0173 57.8 -0186 53.8 -0203 49.3 
86 0195 51.3 .0191 52.4 -0208 48.1 .0232 43.1 
ae lite .0206 "SP ee -0255 39.2 
88 .0233 42.9 .0233 42.9 0246 40.7 -0302 33.1 
- 505 -480y -450u -425y 
6 D 1/D D 1/D D 1/D D 1/D 
sec. sec. sec. sec: 

o° 0.0140 71.4 | 0.0161 62.1 | 0.0218 45.9 | 0.0256 39.1 
10 -0141 eee rer inte -0222 45.0 -0258 38.8 
20 -0142 70.4 0165 60.6 -0227 44.1 -0265 37.7 
30 -01443 | 69.3 0169 59.2 0237 42.2 -0271 36.9 
40 .0148 67.6 0180 55.6 0244 41.0 .0288 34.7 
50 -0152 65.8 .0187 53.5 -0256 39.1 -0303 33.0 
60 .0159 62.9 -0203 49.3 -0277 36.1 -0338 29.6 
70 -0175 57.1 -0223 44.8 -0309 32.4 -0381 26.2 
75 .0184 54.3 -0250 40.0 .0347 28.8 -0431 23.2 
80 -0206 48.5 .0277 36.1 -0382 26.2 -0511 19.6 
82 .0219 45.7 -0298 33.6 0410 a eee 

84 -0235 42.6 -0329 SD EL akskducee fekae  anvsiccs 

86 -0271 36.9 -0375 Ph seenae de akan, (2 veokew’ 

87 -0304 32.9 .0409 BE © Ghuns bik Wroahe 8 apeee nn 

88 -0352 PA dadtdes Tt -neben,. 1 Shadeee Di cones “4 Akpatdss 
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TasBie 4. Concluded. 











-420u -410u 
C) D 1/D D 1/D 
sec. sec. 

0° 0.0274 36.5 0.0343 29.2 
20 -0280 35.7 .0347 28.8 
30 -0290 34.5 -0360 27.8 
40 -0312 32.0 0372 26.9 
50 -0334 29.9 -0397 25.2 
60 -0362 27.6 -0420 23.8 
70 0408 24.5 .0439 22.8 
75 -0445 Se + RAO seeees a 

















A wide diversity of actions of colors is revealed by these figures. 
The graphs for the red colors from .700u and probably from the be- 
ginning of the spectrum, to nearly .660y, consist of three branches. The 
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Fic. 5. Porter graphs for the red, orange and yellow colors.. I =cos* 0. 
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graph for .660u has but two branches, though the uppermost four points 
indicate a slight tendency to form two more branches somewhat like 
the graph for .650y. 

From .660u nearly to .572u the graphs possess four branches. It is 
interesting to note how greatly the graphs change with but slight 
variations in wave length. This is shown in the series for the hues .660y, 
.650p, .640p, .630u, and .590u. With the color .572yu the graph resumes 
the two-fold character, though in that for .570u the upper branch is 
very short. It will be noticed that four graphs in Fig. 5 intersect. This 
evidently indicates that the lamp was not kept quite at constant bright- 
ness while the measurements were being made. Had the brightness 
been absolutely constant no intersections could have occurred. 

In proceeding to the shorter wave lengths, striking differences are 
again found in the graphs in Fig. 6. With the color .550u, four branches 
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Fic. 6. Porter graphs for the green, blue and violet colors. I =cos* 6, 
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are obtained, that for .520u has but three, while the graph for .505y 
is remarkable in being a single straight line. A close examination of the 
points in the upper part of the graph indicates, however, a slight 
tendency to divide in branches. From the wave length .480yu to .425y 
three branches are found, and in the remainder only two. 

In his investigations Ives* had found that with blue and violet colors 
the lowest branch was horizontal. Later this was confirmed by the 
present writer.* In the present investigation no color has this char- 
acteristic. The difference is probably due to the fact that the present 
experiments were made with the eyes in daylight adaptation, while 
the former investigations were conducted in the customary dark room. 

Though no graph was found to possess more than four branches, 
evidence will shortly be given to indicate the probability of a fifth 
branch being found with some of the spectral colors. 

In analogous investigations by the writer and his assistants on the 
senses of touch'® and taste," similar Porter graphs consisting of three 
branches were obtained; while in sound,” Porter graphs with two 
branches resulted from measurements over a short range of intensities. 
It is evident, therefore, that in obtaining these graphs we are dealing 
with the most fundamental and general characteristics of sensory 
actions. 

In referring to these graphs it will be convenient to term them, as 
has already been done, the Porter graphs, and the phenomenon they 
represent the Porter effect, since that investigator discovered it. As 
there are four, and probably five, branches of some of the graphs, a 
convenient mode of distinguishing them must be devised. Following 
the suggestion of my colleague, Professor J. F. T. Young, Greek letters 
have been selected. The lowest branch of the graph for each color may 
therefore be termed the a branch and the remainder the 8, vy, 6, and 
e branches. The intensities corresponding to these branches may 
similarly be termed the a intensity, or the a spectrum, etc. One graph 
in each figure has its four branches properly marked. 

The point between the a and f branches at which the change of slope 


® Phil. Mag., 24, p. 352; 1912. 
® Phil. Mag., 38, p. 81; 1919. 
1 Allen and Hollenberg. The Tactile Sensory Reflex. Quar. Jour. Exp. Physiol., /4, 
p. 351; 1924. 
Allen and Weinberg, Jbid., 15, p. 377; 1925. 
4 Allen and Weinberg. The Gustatory Sensory Reflex, [bid., 15, p. 385; 1925. 
® Phil. Mag., 47, p. 941; 1924. 
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occurs may be termed the first inflexion point; and similarly for the 
others, the second and third inflexion points. 

The interpretation of the Porter graphs when only two branches 
were known was in harmony with the Duplicity Theory of von Kries. 
The @ branch was supposed to represent rod or scotopic vision, and the 
upper, or 8 branch, cone or photopic vision. In this explanation the 
writer had concurred. It is obvious, however, that this explanation 
can no longer be admitted on account of the number of branches of the 
graphs, and also on account of the existence of similar graphs from 
analogous measurements on other senses which do not possess any two- 
fold receptor mechanism, such as rods and cones. A lengthy series of 
experiments was now carried out to determine the cause of the Porter 
effect. For this purpose ten colors were selected, which were used at 
various intensities for stimulating the left eye, the right eye, and an area 
of the right eye adjoining that upon which measurements were made. 
Including the eight which have already been discussed, forty-four 
persistency curves have been obtained in this investigation in order to 
provide a sufficiently wide basis for such conclusions as are warranted. 
The intensity of stimulation employed is marked on each curve and in 
the tables. By referring to these and to Table 4 and the Porter graphs in 
Figs. 5 and 6, the branch of the graph to which each intensity belongs 
may be recognized. This, however, is also indicated on each curve. 

In each of the Figs. 4 and 7 to 12, inclusive, the intensity of one curve 
is marked J=1. This does not mean that these intensities are all of 
the same value, but only that the intensity of the color was that of the 
spectrum when the principal planes of the nicols were parallel. 


WAVE LENGTH .700y (TABLE 5, FIG. 7) 


With the color .700y the direct action of stimulation of the right eye 
was measured for two intensities. Curve F shows the effect of 8 intensity 
stimulation, which is the enhancement of the red, green and violet 
sensations, though in this case the last is scarcely affected. When color 
of 6 intensity was used—curve G—the red sensation was still enhanced 
and the green and violet were depressed in sensitiveness. As the 
Porter graph for this color has three branches, the middle one may 
be regarded as consisting of the 6 and 7 branches which are of the same 
slope, and therefore form a continuous line. It will be seen later that 
stimulation with 8 and + intensities produces effects of the same type 
but not of the same magnitude. 
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TaBL_e 5. Stimulation with .700z. 























N I=0.883 I=0.117 

d Normal 6-intensity Reduced B-intensity Reduced 
ole. je N=100 wey N=100 
-740p 0.0258 0.0251 97.4 0.0249 96.5 
.720 .0233 0225 96.5 .0222 95.2 
.700 .0209 .0208 99.5 0211 101.0 
-660 0171 .0175 102.3 .0170 99.5 
620 .0147 .0148 100.6 0145 98.6 
.590 0138 .0140 101.5 0135 97.7 
.550 0143 .0146 102.0 .0138 96.6 
.530 .0153 0154 100.8 .0147 96.0 
.500 .0191 .0200 104.7 .0189 99.0 
.480 .0233 .0244 104.8 .0234 100.3 
-450 0292 .0306 104.8 .0294 100.8 
433 -0330 -0346 105.0 .0332 100.6 
-420 0363 .0381 105.0 -0361 99.5 








X -700p 
Direct Action 


I=0.383 
d- intensity 


I=0-7 
p-intensity 


A FF Op 
Direct Action 
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Are 


€-intensity 


Is/ 
S-intensity 


T=0-25 
y-intensity 


T=0.01%% 
p-inten sity 


Values of D reduced to normale soo 


T=0.002 
Weave Length G-intensity 
4% 45 $0 SS -60 65 -Jo 75 





Fic. 7. Effect of stimulating the right eye with the wave lengths .700p and .590u. 
WAVE LENGTH .6874 (TABLE 6, FIG. 8) 


The effects of stimulation with .687y of low intensities have been 
already discussed and shown in Fig. 4. With the brighter light a curve, 
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TABLE 6., Right eye stimulated with 687. 
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N I=1 1=0.725 1=0.067 Arc 
» | Normal | é-intensity |Re44ced lang Ing.Pt.|Reduced |e intensity [Reduced |. intensity 
om ee |N=10, | N=100; 0 |N=100|" 
.740u| 0.0258 | 0.0240 | 93.0 | 0.0246 | 95.2 | 0.0255 | 98.7 | 106.3 
.720| .0233| .0220 | 94.5 | .0225 | 96.6 | .0227 | 97.6 | 104.2 
700} .0209| .0199 | 95.4 | .0202 | 96.6 | .0203 | 97.2 | 107.0 
.660| .0171| .0168 | 98.2 | .0170 | 99.5 | .0167 | 97.7 | 101.2 
.620| .0147| .0148 | 100.8 | .0143 | 97.3 | .0142 | 96.6 | 98.0 
590} .0138| .0143 | 103.6 | .0134 | 97.0 | .0133 | 96.4 | 95.3 
.550| .0143} .0150 | 105.0 | .0143 | 100.0 | 0141 | 98.6 | 94.8 
.530 | .0153} .0156 | 102.0 | .0150 | 98.0 | .0148 | 96.7 | 94.5 
.500| .0191| 0201 | 105.2 | .0193 | 101.0 | 0188 | 98.5 | 98.5 
480} .0233| 0253 | 108.4 | .0232 | 99.5 | .0235 | 100.8 | 99.5 
.450| .0292| .0322 | 110.2 | 0294 | 100.7 | 0292 | 100.0 | 97.0 
.433 | .0330| 0362 | 109.5 | .0335 | 101.5 | .0327 | 98.0 | 93.2 
.420| .0363| .0388 | 107.0 | .0367 | 101.0 | .0365 | 100.5 | 95.4 





























* Reduced from Table 4 in paper ‘‘On Reflex Visual Sensations,” J.0.S.A. & R.S.L., 7, 


p. 601; 1923. 
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Fic. 8. Effect of stimulating the right eye with the wave lengths 660y and .687p, 
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A, for 8B intensity, was obtained. This shows enhancement of nearly the 
whole spectrum. Stimulation with color of an intensity corresponding 
to the second inflexion point—curve B—shows enhancement of the 
red and green sensations, while the violet is slightly depressed. This 
effect is more characteristic of the third inflexion point. As the Porter 
graph for .687y has three branches, the middle one probably consists of 
the 6 and y branches with no point of inflexion between them. Stimula- 
tion with color of 6 intensity—curve C—shows marked enhancement 
of the red and depression of the green and violet sensations. Curve D 
shows the effect of the same color obtained from an arc-spectrum, which 
is provisionally termed ¢ intensity. This shows the opposite effect which 
is the depression of the red sensation and enhancement of the green 
and violet. 

In these figures all curves marked arc spectrum are reproduced 
from a former investigation to which reference is made in the tables. 


WAVE LENGTH .660, (TABLE 7, FIG. 8) 

In former investigations it was found that the color .660u gave 
neither depression nor enhancement of the sensations, and was termed 
an equilibrium color. The Porter graph, however, consists of two long 
branches. Curve E shows the effect of direct stimulation with color 
of a intensity, which is the depression of all three sensations. Two other 


TABLE 7. Right eye stimulated with .660yz. 











Arc 
JN | F=1 Reduced | 7=9-255 Reduced | /=9-915 |Reduced | spectrum 
X | Normal | é-intensity N=100 |>intensity | 17 _ 199 |o-intensity | v_ 199 intensity 
sec. sec. sec. sec. * 
-740y| 0.0258 | 0.0245 95.0 0.0247 95.7 0.0263 | 102.0 101.0 
.720 | .0233 0221 94.7 .0221 94.7 -0237 | 101.7 98.2 
.700 | .0209 .0203 97.1 .0206 98.5 -0213 | 102.0 97.2 
-660 | .0171 .0173 | 101.1 .0174 | 101.8 .0178 | 104.0 99.5 
-620 | .0147 -0150 | 102.0 .0148 | 100.7 .0148 | 100.7 99.4 
-590 | .0138 -0142 | 102.8 .0140 | 101.3 -0141 | 102.3 99.4 
.550 | .0143 .0148 | 103.5 .0145 | 101.4 .0146 | 102.0 101.2 
.530 | .0153 .0157 | 102.8 -0154 | 100.7 .0155 | 101.3 98.7 
-500 | .0191 -0205 | 107.2 -0197 | 103.0 -0205 | 107.2 99.0 
-480 | .0233 .0247 | 106.0 -0245 | 105.0 -0242 | 103.9 98.4 
450 | .0292 -0305 | 104.3 -0301 | 103.0 -0297 | 101.7 99.0 
-433 | .0330 .0340 | 103.0 -0337 | 102.2 -0333 | 101.0 101.0 
-420 | .0363 -0367 | 101.0 .0366 | 101.0 -0373 | 102.8 99.5 





























* Reduced from Table 4 in paper “On Reflex Visual Sensations,” J.0.S.A. & R.S.L, 7, 
p- 601; 1923. 
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intensities gave results characteristic of the & intensity stimulation— 
curves F and G—which are the enhancement of the red sensation and 
depression of the green and violet. It is quite evident, therefore, that 
this is not an equilibrium color, except at the highest intensities. The 
significance of this result will be discussed later. 


WAVE LENGTH .590u (TABLE 8, FIG. 7) 


The direct action of the yellow color, .590yu, for five intensities is 
shown in the figure. The depressing effect of a intensity stimulation 
is well marked in curve A. Curves B and C show that stimulation with 
8 and y intensities produces similar results almost equilibrium in 
character. The higher é intensity, curve D, shows marked enhancement 


TABLE 8. Stimulation with .590p. 








nH glydg| 22 (82 y| 22 (83 4) 22 (8241 32 

a is <3 3 > 8 ujos il 

z°|"3°| am <4 ge |Pe"| z= |te"| ge 
“o a s 





-740p | 0.0258 | 0.0250 | 96.9 96.1 | 0.0248 | 96.1 0265 | 102.7 
.720 -0233 | .0220| 94.4}| .0227| 97.5] .0230| 98.7 | .0239 | 102.5 
-700 -0209 | .0195| 93.4] .0205| 98.1 .0210 | 100.5 | .0219 | 104.8 
-660 0171 -0161 | 94.2] .0175 | 102.3 | .0172 | 100.7 | .0178 | 104.1 
-620 -0147 | .0138 | 94.0] .0149 | 101.4 .0149 | 101.4 | .0156 | 106.0 
.590 -0138 | .0129 | 93.5] .0135 | 98.0] .0138 | 100.0 | .0142 | 103.0 
-550 -0143 | .0136| 95.0} .0146 | 102.0} .0146/ 102.0} .0148 | 103.5 
-530 -0153 | .0141 | 92.0} .0157 | 102.7 | .0158 | 103.2} .0161 | 105.2 
-500 -0191 -0176 | 92.1} .0191 | 100.0} .0194 | 101.5 | .0197 | 103.1 


bd 
8 
& 
S 


-450 -0292 | .0296 | 101.3 | .0289 | 99.0; .0294/ 100.7 {| .0300 | 102.8 
-433 -0330 | .0340 | 103.0} .0328 | 99.4| .0333 | 101.0} .0348 | 105.5 
-420 -0363 | .0384 | 105.9 | .0362 | 99.6] .0366/| 101.0 | .0380 | 105.0 






































720 103.4 97.5 
-700 106.5 -480 94.5 
-660 105.8 -450 95.5 
-620 101.2 . a oe 
-590 106.0 -420 95.7 
-550 113.0 














* Reduced from Table 4 in paper “On Reflex Visual Sensations,” J.0.S.A. & R.S.L., 7, 
p. 601; 1923. 
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of the red and green sensations and depression of the violet, while the 
arc spectrum, curve E, gave the exact opposite, which is the depression 
of the red and green sensations and enhancement of the violet. 

WAVE LENGTH .570u (TABLE 9, FIG. 9) 


With these results the direct action of the color .570u% may be com- 
pared. In a former investigation with an arc spectrum, it was found 
that almost the same color, .572y, gave equilibrium effects. The three 


TABLE 9. Stimulation with .570p. 











Arc 

P N ; I= J Reduced 1=0.067 Reduced 1=0.005 Reduced | Spectrum 

dX | Normal |y-intensity N=100 8-intensity N=100 a-intensity N =100 |cintensity 

sec. sec. sec. sec. * 

-740yu| 0.0258 | 0.0254 98.4 0.0254 98.4 0.0262 | 101.4 99.0 
.720 0233 .0229 98.3 -0238 102.2 -0237 101.8 100.7 
.700 -0209 -0205 97.0 -0211 101.0. -0210 100.5 100.3 
-660 0171 .0169 98.8 0173 101.1 .0173 101.1 98.3 
.620 .0147 -0151 102.7 -0151 102.7 -0151 102.7 98.7 
.590 | .0138 0135 97.7 -0138 | 100.0 -0140 | 101.3 98.6 
.550 .0143 .0140 98.0 0141 98.6 .0144 100.7 99.4 
.530 -0153 -0153 100.0 -0156 102.0 -0153 100.0 101.2 
.500 -0191 0187 97.9 -0194 101.5 -0194 101.5 97.5 
.480 0233 .0229 98 .3 -0235 100.8 .0231 99.0 98.0 
450 0292 0290 99.3 .0294 100.8 -0293 100.3 97.6 
-433 -0330 -0332 100.5 -0334 101 :2 0331 100.2 96.3 
.420 | .0363 -0370 | 102.0 -0369 | 101.8 -0368 | 101.3 99.4 





























* Reduced from Table 4 in paper “On Reflex Visual Sensations,” J.0.S.A. & R.S.L., 7, 
p. 601; 1923. 
curves F, G and H, in the figure, however, indicate that the former 
hue gives equilibrium effects down to the lowest intensity. Apparently 
with low intensities .570u is an equilibrium color; while with high, 
.572y has that characteristic, since curve J, obtained with .570y in the 
arc spectrum, shows some enhancement of the green and violet sen- 
sations. 

WAVE LENGTH .550u (TABLE 10, FIG. 10) 


With the green color .550u, a more lengthy series of six persistency 
curves was taken. Curve A shows the reflex depressing effect upon the 
right eye of a intensity stimulation of the left, while curve B shows the 
direct action of the same stimulus upon the right eye. Both show 
depressing effects of the same type but not of the same magnitude, 


8 J.0.S.A. & R.S.L., 7, p. 913; 1923. 
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Fic. 9. Direct effect of stimulating the right eye with the wave lengths 5704 and 450y. 


TABLE 10. Stimulation with .550y. 








Direct Action 








N I=1 Reduced | J=0.413 | Reduced | J=0.019 | Reduced 
r Normal |é-intensity|; N=100 |y-intensity} N=100 |8-intensity | N=100 
sec. sec. sec. sec. 
- 740 yu 0.0258 0.0267 107.2 0.0253 98.0 0.0252 97.7 
.720 .0233 .0243 104.2 .0232 99.6 .0228 98.0 
.700 .0209 .0215 103.0 .0209 100.0 .0205 98.0 
.660 .0171 .0168 98.3 .0166 97.2 .0166 97.2 
.620 -0147 .0144 98.0 .0145 98.6 0145 98.6 
.590 .0138 .0133 96.4 .0134 97.0 .0132 95.6 
.550 .0143 .0136 95.2 .0139 97.2 .0136 95.2 
.530 -0153 .0143 93.5 .0146 95.4 .0145 94.8 
.500 -0191 .0179 93.7 .0181 94.7 | .0180 94.3 
.480 .0233 .0223 95.6 .0220 94.4 .0216 92.6 
.450 -0292 .0294 100.7 .0288 98.6 | .0276 94.5 
.433 -0330 -0347 105.0 -0325 98.5 | .0332 97.5 
.420 .0363 .0384 105.8 -0362 99.7 .0354 97.5 









































October, 1926] VARIATION OF VISUAL REFLEX ACTION 405 
































Direct Action Reflex Action 
Left Eye Arc 
» spectrum 
I=0.005 | Reduced | J=0.0012} Reduced | J=0.0012| Reduced | intensity 
Ist Inf.Pt.| N=100 |a-intensity | N=100 |a-intensity | N=100 " 
sec. SeC, sec. 
-740u 0.0261 101.1 0.0263 102.0 0.0264 102.3 87.5 
.720 .0231 99.2 0241 103.5 .0238 102.2 86.4 
.700 .0210 100.5 .0224 107.2 .0212 101.4 88.0 
.660 .0169 98.8 0181 105.8 .0178 104.0 95.4 
.620 .0148 100.8 .0158 107.4 .0153 104.0 99.4 
.590 .0137 99.3 0141 101.4 0141 101.4 101.3 
.550 -0139 97.2 -0150 104.9 .0150 104.9 109.0 
.530 .0145 94.8 .0166 108.3 .0164 107.1 110.2 
.500 .0185 96.8 .0206 107.8 .0201 105.2 96.6 
.480 .0229 98.3 0245 105.2 .0237 101.8 90.2 
450 .0290 99.4 .0296 101.3 .0300 102.8 90.7 
-433 .0331 100.3 -0336 101.8 .0341 ae 
-420 .0368 | 101.4 .0381 105.0 0373 102.9 94.5 
1 











* Reduced from Table 4 in paper “On Reflex Visual Sensations,” J.0.S.A. & R.S.L, 7 
p. 601; 1923. ‘ 
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Fic. 10. Direct and reflex effects of stimulating the right eye with the wave length 550. 
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the direct action, as might be expected, having the greater effect. The 
interisity corresponding to the first inflexion point, as nearly as it 
could be determined from the Porter graph, gives the equilibrium 
condition in the red and violet sensations, but enhances the green, as 
shown in curve C. Evidently the intensity selected is a little too high, 
since enhancement of the green sensation has occurred which is char- 
acteristic of 8 intensity stimulation. The curves, D and E, for 8 and y 
intensities, show enhancement of the whole spectrum. When the color 
was used at 6 intensity, curve F, the green sensation was enhanced and 
the red and violet depressed. With the very bright color from the arc 
spectrum, ¢ intensity, exactly the opposite effect occurred as is shown 
by curve G. It is to be noted that in curves A, B and C, coincidence 
with the normal occurs at about the wave length .590u, while in the 
remainder it occurs nearer the red. 


WAVE LENGTH .505u (TABLE 11, FIG. 11) 


The most remarkable Porter graph was obtained with the color 
.505u, which gave a single straight line. This indicates that all branches 
have the same slope. In the original measurements for stimulation 
with this color from an arc spectrum, coincidence with the normal 
resulted, as is shown in curve J. The new curves F, G and H, for lower 


TABLE 11. Stimulation with .5OSp. 
































. Arc 
. ins Whe — sy [Reduced “ a Reduced x Reduced | spectrum 
¥| N=100 Pmtensity | y= 100 |e "*Y | N= 100 |e intensity 
sec. sec. sec. sec. * 
.740u| 0.0258 | 0.0259 | 100.4 | 0.0260 | 100.8 | 0.0260 | 100.8 98.0 
720 | .0233| .0235 | 101.0 .0230 | 98.6 .0235 | 101.0 99.0 
.700 | .0209| .0211 | 101.0 0207 | 99.0 .0213 | 102.0 99.5 
.660 | .0171 0170 | 99.4 0170 | 99.4 .0173 | 101.0 | 100.0 
.620 | .0147| .0148 | 100.6 0146 | 99.4 0148 | 100.6 | 100.0 
590 | .0138|  .0138 | 100.0 0137 | 99.3 0140 | 101.4 99.3 
550 | .0143| 0141 | 98.5 0141 | 98.5 .0144 | 100.8 99.4 
530 | .0153| .0148 | 96.8 0152 | 99.4 0155 | 101.2 98.2 
500} .0191| .0188 | 98.4 0193 | 101.0 .0192 | 100.5 97.5 
.480 | .0233| .0230 | 98.6 0232 | 99.5 0231 | 99.1 98.7 
.450 | .0292| .0295 | 101.0 .0289 | 99.0 0287 | 98.3 99.6 
.433 | .0330| .0334 | 101.1 .0331 | 100.2 0333 | 100.9 | ..... 
420 | .0363|  .0365 | 100.4 0355 | 97.7 0358 | 98.0 99.5 








* Reduced from Table 4 in paper “On Reflex Visual Sensations,” J.0.S.A. & R.S.L., 7, 
p. 601; 1923. 
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intensities, show the equilibrium condition to be a characteristic of 
the color for all intensities. 
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Fic. 11. Direct and reflex effects of stimulating the right eye with the wave lengths 
505% and 480. 


WAVE LENGTH .480u (TABLE 12, FIG. 11) 


The color .480y is also an equilibrium color at high intensities, as is 
shown by curve E. This color at a intensity was used to stimulate one 
side of the right retina and the effect was measured on a contiguous 
area in the manner used by the writer in experiments performed to 
determine the cause of contrast. The result of the present measurements 
is exhibited in curve A, which shows depression of the whole spectrum. 
A similar result, curve B, was obtained when the stimulation was upon 
the retinal area with which measurements were made. Curves C and D 
give the effects of stimulation with 8 and y intensities, which show 
enhancement of the green and violet sensations, but scarcely any effect 
upon the red. It is evident, therefore, that this color only possesses 
equilibrium characteristics at the highest intensities. 
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TABLE 12. Stimulation with 480y. 
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= 
> oa > _ _~ 
b4)_2 |gels2 l¥e|82_|eslez,| Fe 
HSS eu lseSSl gu lossl sa loss] si 
5 x is z=iis a=|ts z= 
c a 8 ¢ 
0.0258 102.7 | 0.0255 | 98.8 0269 | 104.3 | 0.0280 | 108.3 
.0233 102.0; .0228 | 98.0] .0249 | 106.8 | .0253 | 108.7 
-0209 101.0 | .0207 | 99.1 -0221 | 105.7 -0225 | 107.5 
.0171 101.2 -0170 | 99.3 -0176 | 103.0 | .0179 | 104.8 
-0147 100.0 | .0146 | 99.3 -0147 | 100.0 | .0153 | 104.0 
.0138 -0131 | 95.0 | .0141 | 102.2 -0140 | 101.5 
.0143 -0135 | 94.4 -0146 | 102.0 | .0143 | 101.3 
.0153 0149 -0144 | 94.0] .0152 | 99.3 -0156 | 102.0 
-0191 -0185 | 96.7 -0193 | 101.0 | .0201 | 105.2 
.0233 .0216 | 92.6 .0246 | 105.5 .0236 | 101.3 
.0292 -0269 | 92.0} .0299 | 102.4 -0302 | 103.2 
.0330 -0307 | 93.0} .0338 | 102.3 -0339 | 102.8 
-0363 -0345 | 95.0} .0376 | 103.6 | .0369 | 101.7 
Arc spectrum 
e-intensity* 
a mn 
-740n 99.4 550 99.4 
.720 99.5 .530 100.0 
.700 101.2 .500 100.4 
.660 98.3 .480 98.7 
-620 101.3 -450 101.4 
.590 100.0 -420 101.0 


* Reduced from Table 4 in paper “On Reflex Visual Sensations,” J.0.S.A. & R.S.L, 7, 
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WAVE LENGTH .450u (TABLE 13, FIG. 9) 


With the color .450y, a intensity stimulation, curve A, depresses the 
retinal sensations. Intensity of the first inflexion point, curve B, shows 
complete equilibrium. The § intensity stimulation, curve C, shows 


TABLE 13. Stimulation with 450u. 








> nol A = a So - 
3 = SS i<z Bs ish 58 |\S% zs 
2 = o = . & . os 7 o = a & os 
AK =2>EsSiiI ss] 3 o§3| 3 - 3 - § 3 
gi' sg Si ifs, 1icetsl silos, n 
S a oc, iow . i= o . se” . 
A = al Ee Z2= 102 an Aas) 
= . a =“ s 





-740p | 0.0258 | 0.0265 | 102.7 | 0.0250 | 97.0 | 0.0262 | 101.7 | 0. , 
.720 -0233 -0245 | 105.1 -0231 | 99.2 -0237 | 101.6 -0248 | 106.3 
.700 -0209 -0215 | 103.0 -0209 | 100.0 -0211 | 101.0 -0223 | 106.7 


o 
i) 
~ 
ios) 
oe 
S 
77) 
oo 


-660 0171 .0167 | 97. 0169 | 98.7 -0173 | 101.2 -0173 | 101.2 
-620 -0147 .0146 | 99.3 | .0145 | 98.6 -0148 | 100.8 -0150 | 102.1 
.590 .0138 -0135 | 97. -0134 | 97.0 -0138 | 100.0 -0141 | 102.2 


6 

3 

8 

.550 .0143 .0139 | 97.3 -0140 | 98.0 .0141 | 98.7 -0146 | 102.0 
.530 -0153 -0147 | 96.0 .0149 | 97.4 -0153 | 100.0 -0155 | 101.3 
.500 0191 -0180 | 94.2 -0188 | 98.4 -0193 | 101.0 -0202 | 105.8 
-480 -0233 -0216 | 92.6 -0225 | 96.5 -0233 | 100.0 -0240 | 103.0 
.450 -0292 .0271 | 92.8 .0287 | 98.3 -0295 | 101.0 -0299 | 102.3 
433 -0330 | .0313 | 94.8 -0322 | 97.6 -0333 | 100.8 -0341 | 103.3 
-420 .0363 .0341 | 93.8 -0349 | 96.0 -0362 | 99.6 -0370 | 102.0 









































Arc spectrum 
«-intensity* 
r ny 
-740p 91.0 -530p 101.8 
.720 94.4 .500 102.3 
.700 96.7 -480 104.8 
-660 104.0 -450 104.4 


-620 104.6 433 105.5 
.590 103.4 -420 108.0 
.550 104.5 














* Reduced from Table 4 in paper “On Reflex Visual Sensations,” J.0.S.A. & R.S.L., 7 
p. 601; 1923. 
enhancement of all three sensations. Curve D, however, exhibits 
enhancement of the violet and green sensations and depression of the 
red, which are characteristic of stimulation with 6 intensity. 
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WAVE LENGTH .410u (TABLE 14, FIG. 12) 


The reflex action of the color .410u, of a intensity when applied to 
one side of the retina of the right eye is shown in curve A; and when 
applied to the left eye in curve B. The direct action on the right eye is 
shown in curve C. All three curves indicate that the sensitiveness of 


TABLE 14 Stimulation with 410y 





















































Direct action Reflex action 
Z Left eye Right eye 
5) en > > 
« |= s8\_2 | 38 |8% .| 8/82 .| ¥8/8z.| Fs 
~ |§8381 30 |G 83| 20 lo 83| 20 |F 83 ei 
Sf} ee iN Peete lee Ie la 
a 8 8 & 
-740n | 0.0258 | 0.0268 | 104.0 | 0.0279 | 108.0 | 0.0267 | 103.3 | 0.0276 | 107.0 
-720 -0233 -0241 | 103.2 0256 | 109.8 .0237 | 101.8 -0251 | 107.7 
700 -0209 -0208 | 99.5 -0232 | 111.0 -0214 | 102.3 -0219 | 104.8 
-660 -0171 -0160 | 93.5 -0175 | 102.3 -0169.| 98.0 -0176 | 103.0 
-620 -0147 -0139 | 94.5 -0156 | 106.0 -0145 | 98.6 -0152 | 103.3 
.590 -0138 -0133 | 96.4 -0145 | 105.0 -0141 | 102.2 -0141 | 102.2 
.550 -0143 -0138 | 96.5 -0148 | 103.5 -0145 | 101.3 -0144 | 100.8 
-530 -0153 -0147 | 96.0 -0159 | 104.0 -0155 | 101.3 -0153 | 100.0 
-500 -0191 -0190 | 99.4 -0217 | 113.5 .0197 | 103.0 .0197 | 103.0 
.480 -0233 -0231 | 99.0] .0260 | 111.3 -0244 | 104.9 -0236 | 101.3 
-450 .0292 -0275 | 94.2 0320 | 109.6 -0302 | 103.3 0300 | 102.8 
-433 0330 -0321 | 97.2 -0349 | 105.8 -0340 | 103.0 0333 | 101.0 
420 -0363 0343 | 94.5 -0376 | 103.6 -0367 | 101.0 -0374 | 104.0 
Arc spectrum 
eintensity* 
r r 
-740p 95.2 -530p 95.2 
.720 96.7 .500 98.5 
.700 97.5 -480 106.0 
-660 99.0 -450 109.0 
.590 96.0 -433 108.0 
.550 94.2 -420 106.6 














* Reduced from Table 4 in paper “On Reflex Visual Sensations,” J.0.S.A. & R.S.L., 7, 
p. 601, 1923. 


the three fundamental sensations is depressed. The curve obtained 
with an intensity corresponding to the second branch of the Porter 
graph is shown in curve D. The enhancement of the violet and green 
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sensations is characteristic of intensity stimulation, but the depression 
of the red sensation indicates 6 intensity. This curve, therefore, is 
somewhat anomalous in character. It is similar to curve D, Fig. 9, for 
the blue color .450u, which is compounded of the violet and green 
sensations. The violet color has hitherto shown all the characteristics 
of a simple sensation. This is indicated in curve E, Fig. 12, where the 
violet sensation is depressed, and the green and red enhanced. 
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Fic. 12. Direct and reflex effects of stimulating the right and left eyes 
with wave length 410p. 


SUMMARY OF RESULTS 


The forty-four new persistency curves which have now been 
described were obtained during a period of about eight months, under 
variable conditions of cloud and sunlight. The changes of season and 
of daylight illumination, together with probable variations in the 
physical condition of the writer, would all have some effect upon the 
measurements obtained. On some days experimentation of this type 
is conducted with great ease; on others the readings were obtained with 
greater difficulty. It is not surprising, therefore, that the curves are 
not always of the same decisive character in every detail. Of the fifty 
three curves in the figures, thirty-five show indications of a three-fold 
division corresponding to the red, green and violet colors; twelve 
clearly show equilibrium effects; and six, while not showing divisions, 
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yet indicate appropriate enhancement or depression of the spectrun 
in whole or in part. The evidence afforded by the persistency curve: 
therefore strongly supports the trichromatic theory of color vision. 

Excepting only the equilibrium colors, .570u and .505y, stimulation 
with colors of a intensity always results in depression of the sensitive- 
ness of the three primary sensations, whether the action of the color is 
directly upon the retinal area with which measurements were made, 
or whether that area is affected by the reflex action of the stimulus 
from an adjoining part of the same retina, or from the other eye. 

Stimulation with colors whose intensities correspond to the first 
inflexion point results in equilibrium conditions between the enhancing 
and depressing effects due to the action of the stimulus. 

Stimulation with colors of 8 intensity always produces enhancement 
of all three sensations. This is also true of y intensity stimulation where 
it is known to be such. 

Stimulation with colors of 5 intensity causes enhancement of the 
sensation or sensations directly concerned in-the color sensation, and 
depression of the complementary; while the higher intensities, termed 
¢ intensities, cause the opposite effect. 

The second inflexion point between the 8 and y intensities is not 
an equilibrium intensity, but denotes a change in the ratio of the 
magnitudes of the depressing and enhancing impulses. Only one 
persistency curve (B, Fig. 8) for an intensity of this nature was ob- 
tained. 

Color intensity corresponding to the third inflexion point between 
the y and 4 intensities should, apparently, indicate partial equilibrium 
conditions with reference to the complementary of the color of the 
stimulus. Since, however, the characters of 6 intensity and ¢ intensity 
stimulation are opposite, it would appear to follow that the fourth 
inflexion point between them would be of equilibrium intensity like 
the first. No persistency curves of either of these intensities, the third 
and fourth inflexion points, have yet been obtained. 

It follows, therefore, that all colors can produce equilibrium effects 
if of proper intensities. This has been observed by Emerson and 
Martin” in their investigations on the photometric matching field; 
though the underlying causes are only now determined. 

It has been customary from the standpoint of vision to regard colors 
as stimuli which varied only in hue, saturation and intensity. The 


4 Proc. Roy. Soc. A., 108, p. 483; 1925. 

















October, 1926] VARIATION OF VisuAL REFLEX ACTION 413 


study of the Porter graphs and the persistency curves shows clearly 
that, in addition, colors are stimuli possessed of varying physiological 
powers, dependent upon hue and intensity, of evoking reflex activities. 
Apparently each branch of a Porter graph represents a definite ratio 
of the enhancing and depressing impulses which for some reason changes 
in value at a definite intensity of stimulation, and which differs with 
each color. If each chromatic sensation were completely independent, 
the Porter graphs for all colors would likely be the same. Since, how- 
ever, three sensations are invariably involved in every color stimulation, 
complications are inevitable which the Porter graphs reveal. 

The highly varied character of the Porter graphs for different colors 
indicates also what little value the study of white light has in determin- 
ing the principles which govern the operation of the visual apparatus. 
Since white light is a mixture of all the spectral colors, stimulation by it 
involves an extraordinary variety of direct and reflex actions, any one 
of which may change in character by a slight change in the hue or in- 
tensity of some component color. 

Martin" has also pointed out that if illuminants are deficient in blue 
and violet, the retinal receptors will be deprived of the powerful en- 
hancing influences of these colors. Not only will this be true, but if any 
color is present only at a intensity,enhancement will be replaced by 
depression, which, as we have seen, will still further detrimentally affect 
the perception of the whole spectrum. 

The enhancement of all three primary sensations which results from 
stimulation with colors of 8, y and 6 intensities has evidently an 
important bearing on certain kinds of experiments performed by many 
observers. Stimulation by a color of any intensity is usually assumed 
to fatigue the one or the two sensations directly affected, whereas with 
moderate intensities the opposite effect occurs. It has doubtless often 
happened that when an experimenter believed he was fatiguing his eye 
with some color, he was in reality enhancing its sensitiveness, with the 
result that an erroneous inference must have been drawn from the 
experiment. The fact that stimulation of the retina can produce oppo- 
site effects according to the intensity employed will no doubt explain 
some of the contradictory observations made by different observers. 

The predominant depressing influence of a intensity stimulation has 
an important practical application. When the illumination falls below 
the intensity of the first inflexion point the dim light depresses the 


% Cantor Lecure I. Roy. Soc. Arts, p. 17: 1925. 
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retinal sensitiveness. This effect superposed on the feeble illumination 
must seriously impair the visual power. This shows the necessity of 
avoiding shadows in industrial lighting, and also indicates that the 
minimum illumination in mines, for example, should be above the first 
inflexion point. 

THEORETICAL CONSIDERATIONS 


The results of these experiments may thus be generalized. Every light 
stimulus acting upon the retina, generates in the visual receptors nervous 
impulses which ascend by the afferent nerves to the visual centers in 
the cortex where a sensation of light and color is produced. At some 
point in the reflex arc, probably in the synaptic junctions of the afferent 
and efferent nerves, additional nervous impulses are evoked, which 
descend by the efferent nerves to all parts of both retinas, by means of 
which the sensitiveness of the visual receptors is controlled. These 
efferent impulses are of two kinds, one of which enhances and the other 
depresses the sensitiveness of the receptors. The result of these actions 
is the production of a state of sensitiveness which is the measure of the 
excess of one process over the other. The receptors themselves when 
stimulated by light give a three-fold response, resulting in the produc- 
tion of three fundamental color sensations corresponding to the red, 
green and violet colors of the spectrum. Every ray of light stimulates 
all three color sensations in varying degrees, and the efferent impulses 
generally depress or enhance the sensations also in varying amounts. 


THE FECHNER EFFECT 


When a color stimulus of a intensity falls upon either retina, the 
sensitivity of the whole system of visual receptors in both eyes is 
depressed. This is shown by the curves which have been described. 
In a former investigation” a similar result was obtained with white 
light of low intensity. It was further discovered that while darkness 
depresses the sensitivity to a considerable extent, dim light depresses 
it still more. 

There is a long known but hitherto unexplained phenomenon which 
illustrates the depressing influence of stimuli of low intensities. This 
is termed the Fechner paradox. When, for example, a piece of white 
paper sufficiently illuminated is viewed by the right eye while the left 
is closed, the sudden entrance of weak light through smoked glass into 
the left eye causes the white paper to appear darker to the right. The 


% Phys. Rev., 11, p. 265; 1900. J.0.S.A. & R.S.1., 7, p. 608; 1923. 
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unexpected action of light of one intensity in weakening the perception 
of light of another intensity evidently led to the use of the word paradox. 

The binocular interactions between two lights are thus summarized 
by Myers'?: “The brightness of the combined image of two steady 
flickerless lights, respectively thrown on corresponding retinal areas, is 
obviously not equal to the sum of the two brightnesses. Its value is 
usually slightly above the arithmetical mean of the brightness of the 
uniocular components, provided that these do not differ too widely 
from one another. When the components are equally bright, the 
binocular increase has been variously extimated to be from one-tenth 
to one-thirtieth. It appears, however, that the increment rises with 
the degree of dark adaptation. 

“Thus if the uniocular images differ in brightness, the binocular 
brightness becomes considerably less than the brighter of the uniocular 
components. This result is known as Fechner’s paradox. It reaches 
its maximum when the two brightnesses are in the ratio 1:25. When 
they are in the ratio 1:1.5, the binocular brightness is about equal to 
that of the brighter component. .... It is absent when the darker 
of the two fields is presented before the brighter, and when the area 
of the former is made considerably smaller than that of the latter.” 

Since the nervous actions associated with, or forming part of, the 
visual process, and indeed of all sensory processes, are now more fully 
ascertained, one of which is the depressing effect of weak stimulation, 
the Fechner paradox may more properly be termed the Fechner effect; 
for in the very nature of science the word “paradox” has no permanent 
place in connection with any of its phenomena. 

The Fechner effect is the normal depressing action of the a spectrum, 
and should therefore be obtained with all monochromatic illumination 
of a intensity, except the equilibrium colors, of which there appear to 
be at least two in the a spectrum, .570y and .505y. As the first inflexion 
point in each Porter graph represents an equilibrium intensity for the 
color concerned, no Fechner effect should be obtained with them also. 

Since experiments show that a intensity stimulation of one retinal 
area causes depression of sensitiveness of the adjoining areas, it follows 
that the Fechner effect should be observed uniocularly, under con- 
ditions similar to those in the binocular experiments. This appears to 
have been observed by Hering.'* 


17 Experimental Psychology, Part I, 2nd Ed., p. 270. 
18 Sherrington. Integrative Action of the Nervous System, p. 375. 
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The Fechner effect, as Myers points out, is not of the same mag 
nitude with all ratios of intensities of the binocular components. The 
persistency curves, which have been discussed, indicate quite character- 
istic differences in the results of 8, y, 6 and € stimulation. There can be 
very little doubt that these differences are sufficient to account for all 
variations in the magnitude of the Fechner effect. 

Should the darker component be viewed first its depressing effect 
upon the other eye will immediately result, and in consequence the 
bright field at the very first glance will be seen at the lowered intensity. 
It is probably incorrect, therefore, to say that the Fechner effect is 
absent when the procedure is reversed; it is present, but the depression 
of sensitiveness having already occurred before the bright field is 
viewed, the change of the intensity from one brightness to another 
cannot be observed. 

When the weakly stimulated area is very small it is evidently unable 
to counteract the enhancing influence of the brighter light on a larger 
area. This probably explains why the Fechner effect is not observed 
under these conditions. 

It seems not unlikely that under proper conditions the sudden ad- 
mission of the brighter component into one eye would raise the intensity 
of the darker in the other, and so produce a reversed Fechner effect. 

It also appears improbable that the Fechner effect should exist with 
two fields each of which is illuminated with either white light 
or colors of @ intensity, unless different intensities produced de- 
pressions of different magnitudes. 

It seems quite evident that the binocular brightness of uniocular 
components will be complicated by the fact that 8, y, 6 and ¢ intensities 
have individual characteristics which differ from each other. When 
white light is used the resultant effect of many simultaneous mono- 
chromatic influences is at present impossible to predict. 

Sherrington'* has elaborately investigated the binocular perception 
of white light under different conditions. The researches of the writer, 
however, have been so largely confined to colors that they do not afford 
an adequate basis for a discussion of the somewhat intricate results 
obtained with white light. 

This investigation of the causes of the Fechner effect shows that 
it is due to the reciprocal actions of unequal stimuli upon corresponding 
retinal areas of the two eyes; or, as suggested above, upon contiguous 


19 Loc. cit., p. 371, sqq. 














October, 1926] VARIATION oF VisuAL REFLEX ACTION 417 


retinal areas in one eye. This is precisely what the writer has found to 
occur in simultaneous contrast.”° It clearly follows, therefore, that the 
Fechner effect or paradox is merely a special case of simultaneous 
binocular luminosity contrast, in which one component is of low 
intensity, viewed under conditions which enable the contrast darkening 
process to be observed. 

Phenomena exactly like the depressing effect of a intensity stimula- 
tion have been obtained by the writer and Miss Weinberg*' in the sense 
of taste. For in researches on that sense by analogous methods, similar 
Porter graphs consisting of three branches were found which conformed 
to the equation: 

1/D = —k log Q+C 
where Q is the quantity of the gustatory stimulus; whereas in vision 
the equation of the Porter graphs is 
1/D=k log I+C. 

When a weak solution of sugar was placed on one side of the tongue, 
the gustatory receptors on the other side were depressed in sensitive- 
ness; but when the solution was strong enhancement occurred. 

In touch, Allen and Hollenberg’ have shown that precisely the 
opposite effect occurred. In this sense similar measurements gave the 
equation: 

D=—k log P+C 
where P is the intensity of the tactile stimulus. 
In audition™ an equation similar to this was found to hold: 
D=i log P+C 
where P is the intensity of the sound employed. 

From this it is inferred that in the latter two sensory actions weak 
stimuli would have an enhancing influence upon the receptors, and 
strong a depressing effect. The former has been verified in touch, but 
not yet in sound; the latter occurs in both. 

It would appear to be generally true, therefore, that in those senses 
in which the Porter graphs require the reciprocal of D, the Fechner 
effect occurs; but where the graphs involve D directly, the Fechner 
effect is reversed. 

% J.0.S.A. & R.S.L.,7, p. 913; 1923. 

*t The Gustatory Sensory Reflex. Quar. Jour. Exp. Physiol., 15, p. 385; 1925. 

2 The Tactile Sensory Reflex, Quar. Jour. Exp. Physiol., 14, p. 351; 1924. Also, 15, p. 377; 


1925. 
% On the Critical Frequency of Pulsation of Tones, Phil. Mag., 47, p. 941; 1924. 
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From the experimental evidence given above there seems to be no 
doubt that the Fechner effect will occur with monochromatic colors. 
In these cases not only would the darkening effect occur, but very 
probably it would be accompanied by a change in hue the precise 
nature of which would depend upon what sensations were predomi- 
nantly affected. It is quite possible that the changes would not follow 
the same tendency as is found when colors are of enhancing intensities. 

In a previous investigation on the cause of color contrast,™ the 
reciprocal influence of stimulated retinal areas upon each other was 
measured. The results generally were in harmony with what had been 
found by many observers. In this paper it has been shown that certain 
differences in their effects occur when the intensities of retinal stimuli 
vary from one branch of the Porter graphs to another. In general the 
enhancement, and perhaps the depression, occurs predominantly in 
the sensations complementary to the color of the stimulus. It is 
apparent, however, that a minute study of contrast will show variations 
in the phenomena observed which will be dependent upon the intensity 
of the colors, upon their equilibrium character throughout, or upon 
their equilibrium intensities. 


THE PURKINJE EFFECT 


It has been found by Haycraft* and by Ives* with the critical 
frequency method, that a pronounced shifting of the brightest point 
of the spectrum towards the green occurred at low intensities. This is 
the Purkinje effect. Ives investigated it with reference to the Porter 
graphs, and found that the Purkinje effect was exhibited by the 
spectrum when its intensity was below the ‘first inflexion point, i-e., of 
a intensity; while for intensities above, a reversed Purkinje effect was 
observed. It is therefore evident that the effect in question is a char- 
acteristic of the a intensity spectrum. It follows that neither the 
Purkinje effect nor the reverse will occur at an intensity equal to the 
first inflexion point. With white light Porter found this point at an 
intensity of 0.25 meter-candle; with colors no photometric measure- 
ments of it are yet available. 

The explanation of this phenomenon is probably not to be found 
in the change from cone to rod vision. It seems more likely that at low 
intensities the green sensation is more isolated from the red than at 


* J.0.S.A. & R.S.I., 7, p. 913; 1923. 
% Jour. of Physiol., 2/, p. 126; 1897. 
* Phil. Mag., 24, p. 352; 1912. Also, Parsons, Colour Vision, 2nd Ed., pp. 62 and 106. 
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high. It is no doubt significant in this connection that the point of 
coincidence of the persistency curves with the normal is about .59y 
for a intensity stimulation, whereas at high intensities, it is about .65y. 
It is noteworthy that Maxwell found the transition point between red 
and green to be at .584y, and Burch at .573y. 

In this connection it may again be pointed out that all the Porter 
graphs and persistency curves described in this paper were obtained 
with the central part of the retina, where rods are not to be found or 
are fewer in number than the cones. In the fovea itself, which contains 
only cones, the Purkinje effect is either entirely absent or is very small. 
The present experiments therefore seem to be in opposition to the view 
that the Purkinje effect is due to differences between rod and cone 
vision. 

Kénig*’ has obtained normal luminosity curves of the spectrum for 
eight different intensities. The brightest of these had its maximum 
luminosity at the wave length .610p and the lowest at .535y. As the 
brightest point is usually found at about .590u, Kénig’s observations 
show the Purkinje effect and its reverse for steady light. 

If a dim spectrum—brighter than a intensity—is viewed when 
flickering, the Purkinje effect is reversed and the brightest point is 
moved towards the red. This may be accounted for by the greater 
rapidity with which the red sensation is aroused compared with the 
green, and also, and perhaps most of all, by the greater development 
of the reflex enhancement of the red sensation. This is indicated by 
measurements of the initial overshooting of the sensations as shown by 
the curves of Broca and Sulzer.** In all their curves the red sensation 
reaches a greater maximum than the green, the overshooting of the 
red sometimes being double its normal brightness, while the green never 
exceeds its normal value. In a flickering spectrum, therefore, the red 
sensation will predominate causing the brightest point to move in its 
direction. 

When the spectrum is of a intensity, the Purkinje effect is found with 
a flickering light. This can be explained by assuming, in the absence of 
measurements, that below the first inflexion point the green sensation 
develops a greater maximum than the red, and perhaps in a shorter 
time. If this is the case, then at the critical intensity of the first in- 
flexion point the brightest point will not be moved in either direction 
in a flickering spectrum. 


27 Gesammelte Abhandlungen, p. 169. Also, Parsons, loc. cit., p. 49. 
*8 Comp. Rend., 2, p. 1046; 1903. Also, Parsons, loc. cit., p. 96. 
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The treatment of the Purkinje phenomenon has been naturally but 
quite needlessly complicated. This has been brought about by the 
custom of regarding a moderately bright spectrum as a standard with 
which very dim and very intense spectra must be compared. Hence we 
have the Purkinje effect and the reversed Purkinje effect under 
various conditions. 

This is quite analogous to the practice of locating a convenient inter- 
mediate zero point on the thermometric scale at the melting point of 
ice, which renders plus and minus readings necessary. The incon- 
venience is at once obviated by choosing an absolute zero at the lowest 
possible temperature. 

Similarly if a very dim spectrum of a intensity is chosen as the 
standard, the brightest point will then be in the green. The three 
fundamental sensations are all gently stimulated, and for some reason 
the green appears to consciousness the brightest. As the light becomes 
more intense the response of the sensations increases, and as the red 
has a more luminous effect than the violet, its influence becomes 
disproportionately greater, with the result that the brightest point 
must lie at some point between the red and green, as is commonly 
observed. On this account the brightest point may shift from .535y to 
610 as Kénig observed. 


THE VISUAL RECEPTOR PROCESS 


The general problem of color vision may be divided into five parts. 
First, the nature and properties of the physical stimulus; second, the 
nature of the retinal visual receptors and of the process by which light 
is transformed into nervous impulses; third, the arrangement and 
functions of the nerves connecting the retina with the cortex; fourth, 
the nature and functions of the connections between the nerves and 
the visual centers of the cortex; fifth, the origin and nature of the 
sensations of color. 

The researches of the writer have been concerned with the third 
part of the problem, and particularly with the efferent nerves and their 
important functions. These have been elaborated to a very considerable 
degree, and from them something may now be inferred regarding the 
receptor and sensation processes constituting the second and fourth 
parts of the problem. 

The new experiments described in this paper show that at least seven 
characteristic effects are caused in the receptors by a single color stim- 
ulus. First, it affects the perception of the spectrum in three parts, red, 
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green and violet; second, low intensity of stimulation depresses the 
sensitiveness of the receptors of the same three colors; third, medium 
intensity of stimulation causes enhancement of the receptors of the 
same three colors; fourth, higher intensity of stimulation causes en- 
hancement of the one or of the two sensations directly concerned, and 
depression of the remainder; fifth, still higher intensity of stimulation 
causes depression of the one or two sensations corresponding to the 
color of the stimulus, and enhancement of the complementary re- 
mainder; sixth, certain intensities of stimulation have equilibrium 
characteristics; seventh, stimulation of an area of one retina er of one 
eye causes depression or enhancement of the sensitiveness of adjoining 
areas or of the other eye. 

A great variety ofl receptor actions has been assumed by various 
theorists, only a few of the more important of which need be considered 
here. Hering’s hypothesis postulates the existence of three retinal 
photochemical substances, two of which are influenced by two pairs of 
complementary colors, red-green, yellow-blue, and a third by white- 
black. Two opposite types of action, dissimilation and assimilation of 
the substances are caused by the first color in each pair and by the 
second respectively. While Hering assumed the reciprocal action of 
retinal areas on each other, no suggestion as to how this was accom- 
plished was given by him, and the binocular actions were ignored. 
With this type of receptor constitution not one of the seven experi- 
mentally determined results of stimulation conforms. 

Mrs. Ladd-Franklin has devised probably the most detailed receptor 
action of all, by her assumption of the existence in the retina of a light 
sensitive molecule which on dissociation by light gives off first a 
cleavage-product which in turn gives rise to a white sensation in the 
cortex. The remainder of the molecule thereby becomes capable of 
giving off two subsidiary cleavage-products for yellow and blue. The 
yellow is now susceptible of subdivision into two further products, 
which are capable of exciting the red and green sensations. 

On comparing the seven characteristics of stimulation with the 
assumptions of this hypothesis there seems to be no agreement between 
them; nor does it seem possible to make so mechanical a receptor 
process conform to them. The “light-molecule” is in a manner so 
detached from the nerves that nervous impulses of a reflex character 
cannot influence its cleavability, especially in such diverse forms as 
experimental results require. 
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Edridge-Green’s hypothesis has one great virtue in that it does not 
deal with hypothetical substances, but attempts to assign a function 
to the visual purple. This rod pigment is assumed to sensitize the cones 
which are the real percipient elements of vision as far as the retina is 
concerned. The action of light is considered to be photographic in 
character. The hypothesis as a whole is non-elemental, but a sub- 
sidiary action is provided to bring it into conformity with the facts of 
trichromasy. 

As far as the writer is aware there is nothing in the photographic 
process comparable to the peculiar enhancing and depressing effects 
which have been found to be characteristic of color vision. Nor does it 
seem possible to harmonize the type of receptor activity assumed by 
this hypothesis with the seven characteristics outlined above. 

The various photochemical and photoelectric hypotheses seem gener- 
ally to be incapable of conforming to the seven visual characteristics. 
Though no assumptions regarding receptor actions are at present 
acceptable, the writer finds himself also unable to suggest one. The 
conditions that have to be met are, however, clear. The receptor 
process must be in such close and vital union with the visual nerves 
that the complicated states of sensitivity may be subject to the most 
immediate and delicate control of the efferent uervous system. Further- 
more, as in such diverse senses as touch and taste the same phenomena 
of depression and enhancement occur, which in the latter are as com- 
plicated as in vision, and as their response follows practically the same 
mathematical law, the visual receptor process must have some char- 
acteristics in common with them. Such a process does not appear even 
to have been imagined; and it is possible that some distinctive receptor 
action sui generis has yet to be discovered before a satisfactory solution 
of the initial process of vision can be found. It may be the case 
that the original hypothesis of “three sets of nerves” is closer to the 
truth than all the more definitely elaborated mechanisms which have 
been devised to replace them. 


THE WEBER-FECHNER LAW 


It has always been believed, until the writer has demonstrated the 
contrary, that the only effect of stimulation of a sensory receptor was 
to generate an afferent nervous impulse which ascended to the cortex 
and there caused a sensation. Upon this belief the Weber-Fechner law 
was formulated. 
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Following Parsons*® it may be thus stated: “If S is the measure of 
sensation and 6S the just appreciable difference, J the measure of the 
stimulus and 6/ a small increment, then 


bs = kbI/I 


(Weber’s law), where k& is a constant; therefore, on the questionable 
assumption that it is permissible to integrate small finite quantities, 


dI 
S= sf— =k log I+C (Fechner’s Law) 


where C is another constant.” 
Porter’s equation 


1/D=k log I1+C 


which is very similar to Fechner’s, has been derived independently by 
Peddie.*° 

If D, the duration of a flash of light at the critical frequency of 
flicker, is a measure of the sensation, as seems probable, then Porter’s 
and Fechner’s equations are identical. 

It has been found, when put to the test of measurement, that Fech- 
ner’s law holds only through a limited range of medium intensities, 
breaking down with both high and low stimulation. From the experi- 
mental results discussed above, the conclusions are justified that the 
sensitiveness of the visual receptors is under the control of the efferent 
nervous system, and that sensations are modified by the sensitiveness 
of the receptors. Fechner’s law must therefore in reality express the 
result of both afferent and efferent nervous actions, instead of the 
afferent alone. It has just been shown that the ratio of enhancing and 
depressing effects varies from one branch of the Porter graphs to 
another, and also that Porter’s equation holds for each branch with 
changes in the values of the constants. The conclusion therefore seems 
clear that in the case of visual perceptions Fechner’s law is accurately 
followed from extremely low to extremely high intensities of stimula- 
tion. 

In the investigations, to which reference has been made, on the 
senses of touch and taste, Porter graphs of three branches, and in the 
case of audition, of two branches, were also obtained, to which nearly 


*® Colour Vision, 2nd Ed., p. 23. 
*® Color Vision, p. 162. 
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the same form of equation applied. In these senses also Fechner’s law 
accurately holds from very low to, at least, moderately high stimulation. 

The reason why it has been concluded that Fechner’s law is valid 
only for medium intensities is probably because it has been attempted 
to make a single pair of numerical values of the constants suffice, 
whereas from two to five pairs are necessary in the four sensoria studied. 


EQUILIBRIUM EFFECTS 


In former investigations, when the eye was stimulated with very 
bright colors from an arc-light spectrum, six colors were found that 
caused neither enhancement nor depression of sensitiveness of the 
receptors. These were .660p, .572y, .520pu, .5O5u, .480%, and .425y. 
They were found to occur at or near the points of intersection or the 
ends of the Kénig and the Abney sensation curves. In the experiments 
described above, the spectral colors were all of much lower intensities 
than Kénig and Abney employed. Only two of the seventeen colors 
used were found to give equilibrum effects at all intensities, which 
were .570u and .505y. In addition every color is equilibrium in char- 
acter at the first and fourth inflexion points. These results probably 
explain the statement of Emerson and Martin,* who have found in 
their experiments that all colors at some intensities give equilibrium 
effects. This suggests that the sensation curves of Kénig and of Abney, 
which were obtained with sun-light and arc-light respectively, do not 
correctly represent the sensations at medium and low intensities. The 
desirability of determining the sensation curves for several ranges of 
intensities is therefore apparent. 

In former papers it was suggested that equilibrium effects were due 
to equality of the direct and reflex actions of colors. The experiments 
which have now been described indicate that two sets of efferent im- 
pulses are operating in the visual apparatus, and that the equilibrium 
is between the enhancing and depressing influences, which counter- 
balance each other and thereby maintain the sensitiveness of the 
receptors constant. 


INVARIABLE COLORS 


When colors are changed in intensity they generally vary to some 
degree in saturation and hue as well. Changes of this character may 
also take place upon prolonged fixation, with no change of intensity. 

It is known that every color excites the three primary sensations in 


# Proc. Roy. Soc. A., 108, p. 500; 1925. 
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unequal amounts, and that equal stimulation® results in the production 
of white. The changes in saturation and hue are therefore readily 
explained as due to variations of the relative sensitivities of the sen- 
sations caused by the sensory reflex actions accompanying stimulation, 
which thereby produce changes in the relative amounts of excitation 
by direct action of the color. If, however, the color stimulus evokes 
enhancing and depressing reflex impulses in equal amounts, i.e., if it 
is an equilibrium color, the degree of excitation of the sensations 
preserves the same ratio. The saturation, therefore, may change, but 
the hue will remain invariable. 

It has been found that two colors at least, .505u and .570u or some 
hues very close to these, are equilibrium in character. Hence these 
should not vary in hue when the intensity rises from the lowest to the 
highest values. 

In regard to these phenomena, Myers* may be quoted: “It might 
be expected that the hue of a colour stimulus would become more 
intense, the greater the intensity of the stimulus. But, beyond a certain 
limit, further increase of the intensity of the stimulus causes the cor- 
responding colour sensation to pass over gradually into a colourless 
sensation. Indeed, any colour stimulus, if sufficiently intense, is seen 
as white. Intense spectral reds and orange, and greens up to a wave 
length of .517u, acquire a yellow hue before they in this way become 
colourless. A green, of a somewhat shorter wave length than .517y, 
can be found, which passes over into white without change of colour 
tone. Intense colour stimuli, of still shorter wave length, become blue 
before they become colourless.” 

Now the equilibrium color .505y is a green of somewhat shorter wave 
length than .5174 and may be identified as the invariable color in 
question. Its equilibrium character is therefore most probably the 
cause of its invariability in hue. As the colors of longer wave length 
than .517y pass through yellow in their progress to white, it follows 
that there is a yellow color which is itself an invariable hue. The 
equilibrium color near .570u may therefore have the property of in- 
variability. 

Since, as Myers states, colors of shorter wave length than the 
invariable green become blue before passing over into white; another 
equilibrium color may exist in the blue. The Porter graphs do not 


® Abney, Researches in Colour Vision, p. 231. 
% Experimental Psychology, 2nd Ed.,'Part 1, p. 73. 
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include any such equilibrium color in the blue; but there is abundant 
room for one to exist, as a reference to Fig. 6 will show. 

It has also been shown that four colors preserve their hue invariable 
when passing from central to peripheral vision. On this account they 
have been assumed by Hering to be the four fundamental color sen- 
sations required by his theory. They are, a purplish-red (non-spectral), 
a yellow (about .570z), a bluish-green (about .490u), and a blue (about 
460p).** 

The invariable yellow evidently coincides with the yellow equilibrium 
color of the writer. The hue, .490y, is not far from the equilibrium 
color .505u. In this connection it may be noted that the Hering in- 
variable colors have never been determined with exact spectral hues 
but with colored papers and gelatine filters. The disagreement in 
consequence may not be significant. It is possible also that a blue 
between the wave lengths .480y% and .450u may have equilibrium 
properties, though the writer has not yet examined this region. How- 
ever, at high intensities the wave length .480y is an equilibrium color. 

It may also be noted that the wave length .500u was found by both 
Maxwell and Burch to be the transition point between green and blue. 

It may also be remarked here that the two equilibrium colors, .570p 
and .505u, are practically the boundaries of the central portion of the 
spectrum for which'there are no single complementary colors in the 
spectrum. 


THE SELF LIGHT OF THE RETINA AND THE SENSATION PROCESS 


In a former paper® on the self light of the retina, the writer en- 
deavored to connect its admittedly central origin from endogenous 
stimuli® with discharges in the efferent portion of the reflex arc. At 
that time only the enhancing action was known, and the intrinsic light 
was therefore identified with it. 

Recently Emerson and Martin*’ have pointed out that the association 
of the self light with enhancing impulses is quite the reverse of the view 
of Helmholtz, in whose mathematical theory the self light reduces the 
sensation brightness. They further intimate that the writer has gone 
“farther than the results of his experiments justify, by assuming that 
the reflex effect also consists of an actual stimulation of the receptor 


* Parsons, loc. cit., p. 75. 

% J.0.S.A. & R.S.L, 8, p. 275; 1924. 

* Parsons, loc. cit., p. 116. 

37 Proc. Roy. Soc. A., 108, p. 497; 1925. 














October, 1926] VARIATION oF VisUAL REFLEX ACTION 427 


elements besides an enhancement of their sensitiveness to light, or 
that the mathematical “self light’”’ of Helmholtz is not to be identified 
with the visual appearance which usually goes under the name.” 

The present experiments on the production of reflex effects by a 
intensity stimulation show that depression of sensitiveness is a char- 
acteristic of stimulation of low intensity, and that it results from reflex 
action, as the binocular experiments prove. The self light is usually 
of extremely low intensity, and this may indicate its origin to be not 
in the enhancing but in the depressing reflex impulses, thus bringing 
it into conformity with Helmholtz’s theory. This is much to be desired 
if only to prevent the possibility of two forms of self light from com- 
plicating visual theory. 

The association of sensations with efferent nervous impulses involves 
some obvious difficulties. That these impulses control the sensitiveness 
of the retinal receptors is clear, but the assumption that they can also 
arouse sensations requires more definite evidence than is at present 
available. If they do excite sensations, it must be either by means of 
the retinal receptors or by some action in the junctions of the afferent 
and efferent nerves in the cells of the cortex. 

The latter supposition may be considered somewhat as follows. 
The afferent impulses upon reaching their terminals in the cortex arouse 
sensations, and simultaneously evoke the two kinds of efferent im- 
pulses which are conducted to the receptors. This action would involve 
a transfer of energy from the cortical cells to the efferent nerves, 
accompanied probably by some form of reaction which would affect 
consciousness as a sensation. In this way the negative after-images 
at least, and the self light of the retina, which are believed to be of 
central origin, might be accounted for, the former perhaps by reactions 
from enhancing impulses and the latter from the depressing. Possibly, 
indeed, sensations of all kinds may be due to the energy reactions 
occurring at the synaptic junctions of the nerves in the cells of the 
cortex. 

As nervous discharges when once started may continue to flow in the 
efferent nerves for a considerable time after the initial afferent impulse 
has subsided, the after-images and the self light may likewise be seen 
for even long periods, projected as it were against the area of the retina 
in which the active nerves terminate. 


THE DUPLICITY THEORY 


The duplicity theory of von Kries assumes the cones to be the retinal 
organs of photopic and the rods of scotopic vision. In support of the 
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theory many facts of vision have been adduced which have been 
summarized by Parsons** and also by Nagel.*® 

The change in slope of the Porter graphs when only two branches 
were known has been considered to be strongly confirmatory of the 
theory, the a branch being due to rod vision and the 8 branch to cone. 

In the writer’s experiments all branches of the Porter graphs were 
obtained on the same central area of the retina where rods are fewest 
in number or are altogether absent, the flickering at the point of 
fixation being specially noted. The presence of a branches in the graphs 
obtained under these conditions is therefore quite adverse to the theory. 

The larger" number of branches of the Porter graphs and their 
identification with enhancing and depressing reflex actions seem to 
remove the graphs completely from their support of the Duplicity 
theory. The rise of the depressing nervous impulses to predominance 
over the enhancing when the brightness of the light falls through the 
first inflexion point to a intensity, shows that the reflex depressing 
actions are quite sufficient to account for the peculiarities of the Porter 
graphs, and suggests that the facts of scotopic vision may be explained 
without the necessity of an additional theory. 

If we assume that at very low intensities every stimulus excites the 
three primary sensations equally, the achromatic interval of vision 
seems to be fully explained. 

The phenomenon of night blindness may be accounted for by assum- 
ing that with light intensities below the first inflexion point, the 
depressing impulses become so large that they are inhibitory in char- 
acter, while the enhancing impulses are suppressed. This is equivalent 
to saying that the threshold of vision is raised. 


RECIPROCAL INNERVATION 

From his study of the muscular movements of the body Sherrington“® 
has deduced a principle of fundamental physiological importance and 
of wide application. For the present purposes this principle may be 
described by quoting from Hartridge“ and from Bayliss.“ The former 
says: “Sherrington has shown that in the case of muscles there is what 
is called reciprocal innervation. Thus stimulation of the cortex which 
causes the contraction of one muscle also brings about a corresponding 

38 Color Vision, 2nd Ed., p. 215. 

* Helmholtz, Physiological Optics, Eng. Trans., 2, p. 343. 

Integrative Action of the Nervous System. 


“ Human Physiology, Starling, 3rd Ed., p. 574. 
# Principles of General Physiology, 3rd Ed., pp. 494 and 498. 
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relaxation of its antagonist, in order that a rapid and economical motion 
may take place. The contraction and corresponding relaxation are 
therefore analogous to the response of one part of the retina, which is 
accompanied by an inhibition of the surrounding parts of the retina 
to the same kind of stimulus (simultaneous contrast). In a similar 
manner the inclination to extension which is found to accompany the 
prolonged flexion of a limb, finds its analogy in the phenomena of after 
images and adaptation of the eye, since the tendency is to suppress a 
similar stimulus in the part of the retina stimulated and to encourage 
its complementary. The inference to be drawn from these analogies 
is that the after-image and its allied phenomena are caused by changes 
in the conducting paths of visual impressions which are similar to those 
found to exist in paths belonging to the motor system. What the nature 
of these changes in conducting paths may be is at the present time 
undecided.” 

Bayliss says: ‘When there are two sets of muscles acting on a 
movable organ, such as the eye or a part of a limb, in such a way that 
they antagonize one another, it is clear that, for the effective per- 
formance of a particular reflex movement, any contraction of the 
muscles opposing this movement must be inhibited. Further, the 
inhibition of the one group must proceed pari passu with the excitation 
of the other group to ensure a well-controlled and steady motion.” 

“The study of the phenomenon of double reciprocal innervation, 
as Sherrington points out, shows the importance of inhibition, not only 
as suppressing excitation, but as a delicate adjuster of the intensity 
of reflex contraction, a method which is probably of frequent occurrence 
in natural movements.” 

The experimental results of the present writer show that stimulation 
of the cortex evokes the opposing actions of enhancement and de- 
pression of the receptor sensitiveness. This has been proved to proceed 
from one eye to the other, from one retinal area to another, and to occur 
in the area stimulated. The same phenomena have been found in other 
senses also. The description of reciprocal innervation just given will 
apply mutatis mutandis to sensory reflexes by substituting the sensory 
processes of enhancement and depression for contraction and relaxation. 
The importance of the depressing action may likewise be compared 
with Sherrington’s estimate of the importance of inhibition. 

The conclusion of the writer is that sensory activities are based upon 
the principle of reciprocal innervation, thus giving that principle the 
widest possible generality of action. 
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COLOR THEORY 


The results of the present investigation are fully in harmony with 
the trichromatic theory of Young, though they extend the theory 
materially in many directions. Hering, however, had perceived that 
retinal areas reciprocally affected each other, and that opponent actions 
exist in the visual apparatus. The former effect he could not account 
for, and the latter were assumed to be innate in the colors themselves. 
By sensory reflex action, it is now proved, the retinal areas and the two 
eyes reciprocally influence each other; and the opponent actions are 
found in the opposing processes of enhancement and depression. These, 
however, are quite harmonious with Young’s simpler theory; and 
therefore in some measure the two great rival theories of color vision 
may be reconciled. 

Since monocular retinal areas influence each other precisely as do the 
binocular retinae, we may regard the two eyes as a single extended 
retina withthe central unnecessary and inconvenient portion eliminated. 

I desire to record my thanks to the Research Council of Canada, 
with whose financial assistance this investigation has been conducted. 

DEPARTMENT OF PHysIcs, 


UNIVERSITY OF MANITOBA, 
Wrnnirec, CANADA. 


Astronomy Today. By the Abbé Thomas Moreux. Director of the 
Observatory of Bourges. Translated by C. F. Russell, Late Fellow 
of Pembroke College, Cambridge. xiv+256 pages, including 62 
figures. E. P. Dutton and Company. New York. $4.00. 

In the preface, which, in masterly fashion defends the study of the 
Science of Astronomy, the author indicates the purpose underlying the 
preparation of this book when he says “No educated man ought to 
remain unacquainted with the progress of thought.’’ The book appears 
to be a happy compromise between the so-called “popular” narratives, 
which often fairly bristle with dangerous half-truths, and an ultra- 
technical presentation, which could not interest the lay-reader. And in 
setting forth the present status of astronomical science, the author has 
wisely sketched, as a most important background, the history of the 
subject. 

The sixteen chapters follow the usual order of presentation. Chapter 
T deals with the Sun. Chapters II to IX take up, in turn, the several 
planets of the solar system. Chapter X is devoted to the problem of 
distances in astronomy. Comets and meteorites are discussed in 
Chapters X and XI. The remaining chapters present the subject of 
stars, stellar evolution, star clusters, and nebulae. 


We have not seen a more readable book in this very fascinating 
subject. 


F. K. RicHTMYER 























ON THE DEEP LYING TERMS IN TWO- AND THREE- 
VALENCE ELECTRON SYSTEM SPECTRA* 


By Ratpu A. SAWYER 


ABSTRACT 


In considering the numerical magnitudes of the frequencies emitted in transitions between 
the deepest lying terms in atomic spectra, it appears (1) that for elements in the first two 
horizontal rows of the periodic table (a) the lowest PP’ multiplet in three-valence-electron 
system spectra is near in frequency to the first line in the principal singlet series of the spectrum 
of the once more ionized atom, (b) the lowest PP’ multiplet in two-valence-electron system 
spectra is near to the first line of the principal series, both of singlets in that system and of 
doublets in the spectrum of the once more ionized system; (2) that the lowest PP’ multiplet 
in the arc spectra of calcium, barium and strontium is near to the frequency difference of 


the lowest S and D terms, both of singlets in the arc spectrum and of doublets in the once 
ionized spectrum. 

These relations are analyzed from the view point of atomic structure. Essentially they 
mean that the energy difference between the two lowest states in the above mentioned spectra 


is little affected by the absence of a second valence electron or by its presence in either the 
normal or the metastable lowest state. 


By aid of these relations the following new combinations have been located: In Zn £ 
#P—4#P' and 4P—4'D”; in HgI, @P—6P’; in MgI, #P—3'D”; in Hg Il, @P—CS 
in All, #P—x. 


INTRODUCTION 

There have long been recognized terms in atomic spectra which do 
not fit into the ordinary spectral series, although having some relation 
to them. These so-called primed terms show by their intensity, and 
frequently by their easy reversal, that they must arise from states 
quite near the normal state, but their exact nature, until recently, 
defied explanation. The first explanation of the origin of so-called 
primed terms in atomic spectra was given in 1923 when Wentzel,' 
following a suggestion by Bohr, and Saunders and Russell? conducted 
independent investigations which resulted in identical conclusions. 
Wentzel studied a series of P’ terms in calcium while Saunders and 
Russell studied P’ terms in calcium, strontium, and barium. They 
showed that the P’ terms might involve amounts of energy more than 
sufficient to ionize the atom and deduced therefrom that to excite the 
primed state from the normal state requires the simultaneous transition 
of two electrons. In the elements studied they found that the limit of 


* Parts of this paper were presented at the meeting of the American Physical Society, 


November 28, 1925. Cf. Proceedings American Physical Society, Physical Review, 27, p. 106; 
1926. 


1 Wentzel, Phys. Zeit., 24, p. 106, 1923; 25, p. 182; 1924. 
? Russell and Saunders, Astro. Journal, 61, p. 8; 1925. 


431 














432 Ratpu A. SAWYER [J.0.S.A. & R.S.L., 13 


the *P’ terms is higher than that of the *P by approximately the energy 
n*S —n*D of the spark spectrum.’ They concluded that in these alkali 
earth metals the next to the last valence electron is normally in an 
orbit of azimuthal quantum number 1/2, while in the *P’ or metastable 
state this electron is in an orbit of azimuthal quantum number 5/2. 

A little later Millikan and Bowen‘ announced the discovery of a 
considerable number of new PP’ groups in atoms of the same electronic 
structure. From a consideration of these multiplets in the sequences 
of two-valence-electron systems, because of the closeness in numerical 
value of v for the »'S—m’P and for n*P —n'*P’, they argued that the 
next to the last valence electron in the *P’ state must be in an orbit of 
azimuthal quantum number 3/2. 

The whole matter of the deep lying terms in atomic spectra has been 
greatly cleared up by recent work, chiefly by Hund,’ Pauli,* Laporte,’ 
and Wentzel.* Russell and Saunders* suggested that the quantum 
number which defines the spectral term character is not the azimuthal 
quantum number & of the last electron, but rather is a number fixed 
by the resultant moments of momenta of all the valence electrons. 
Following this idea, Hund was able to show what terms might be 
expected to appear in the arc spectrum of an element after the addition 
to the ion of an electron possessing any one of several possible azimuthal 
quantum numbers. Pauli pointed out that cases must be excluded in 
which two electrons are equivalent. Laporte and Wentzel have applied 
these ideas to explain the primed terms in detail in the cases of two- 
and three-valence electrons. There now seems little doubt that in the 
case of the P’ terms of elements in the short periods of the periodic 
table (Mg, Zn, etc.) the next to the last electron is in an m2 orbit, while 
in the long periods (Ca, Ba, Sr, etc.) it is in an m; orbit. 

In considering the data on PP’ groups now available, the writer’ 
has noticed that in all cases, save in calcium, barium and strontium, 
the lowest lying PP’ multiplet is near in frequency to the lowest per- 
missible energy level transition in the spectrum of the once more 
ionized atom. In two-valence systems, as pointed out by Bowen and 


* Throughout this discussion will be used for the lowest possible total quantum number 
in any given case. 

* Bowen and Millikan, Phys. Rev. 20, p. 150; 1925. 

5 Hund, Zs. f. Phys., 33, p. 345; 1925. 

® Pauli, Zs. f. Phys., 31, p. 765; 1925. 

7 Laporte, J. Wash. Acad. Sci., 15, p. 409; 1925. 

8 Wentzel, Zs. f. Phys., 34, p. 730; 1925. 

* Sawyer, Proc. Am. Phys. Soc., Phys. Rev., 27, p. 106; 1926. 
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Millikan,‘ the *PP’ frequency is also near the lowest permissible singlet 
transition in the same atom. These facts are shown in Tables 1 and 2, 
where the PP’ groups shown are chiefly those given by Millikan and 
Bowen.‘ The frequency given as PP’ is in two-valence-electron systems 


n*P,—n*P,’; in three-valence-electron systems it is n*P,—n*P,’. These 





values are nearly the center of the multiplet. 


TABLE 1 


PP’ groups in three-valence-electron systems 
































Trivalent system Divalent system s 
Element 3*P,—3*P,’ 31S —31P 2pp’—1SP 
Al 56615 59845 — 3230 
Si 83717 82878 83) 
P 108851 105190 3661 
S 133292 127144 6148 
cl 157404 148949 8455 
2°P,—2P,’ 2'S—2'P 
Cc 110599 102352 8247 
N 145802 130873 14929 
TABLE 2 
PP’ groups in two-valence-electron systems 
Divalent system Univalent system 
Element 3is— ip #P,—FP,’ 3S—3*P, isPp—2*SP 
Mg 35051 35963 35669 — 618 
Al 59845 56691 53692 6163 
Si 82879 76986 71285 11594 
P 105190 97037 88649 16541 
S 127144 116985 105866 21278 
cl 148949 136928 123001 25948 
2S—S2'P BP,—2P,'| 2S—-2PP; 
Be 42565 37714 31927 10638 
B 73396 61573 48358 25038 
S 102352 85054 64481 37871 
N 130873 108321 80455 50418 
mS—n'D n'S—n'P n®P,—n'P; wS—n*P, n*S—n*D; 
Ca 21849 23652 23254 25190 13649 — 1538 
Sr 20138 21698 20895 23716 14557 — 2018 
Ba 11395 18060 10843 20261 4873 — 2201 
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Two points in connection with the relationships shown by the data 
will be discussed in this article: (1) the significance of these relation- 
ships in terms of modern ideas of atomic structure; and (2) the 
use of such relationships in the prediction of the location of new series 
lines arising from deep lying spectral terms. 


PART ONE 


In Part One we shall consider, on the basis of modern ideas of atomic 
structure, the relations between the deep lying spectral terms which 
are suggested by the data in Tables 1 and 2. The data on three-valence- 
electron systems will be considered first. Here we have to discuss the 
nearness in frequency of m*P,—mn*P,’ in the trivalent spectra and 
n'S —n'P in the spectrum of the next succeeding or divalent system. 
In three-valence spectra, there is no case of a single electron transition 
between an m, and an m; orbit of the same total quantum number as 
is involved in the *PP’ emission. 

In the normal state of the three-valence-electron systems, the last 
two electrons are in m, and m, orbits, respectively. The n’*P state is 
then the normal state. To excite the n*P’ state, the next to the last 
electron must be moved from an m, to an mz orbit. The lowest *PP’ 
frequency represents the energy required to take one electron from an 
n, to an mz state while another electron is in an mz state. n'S —n'P for 
the once more ionized state, however, represents the energy required 
to take an electron from an m, to an mz state when no other valence 
electron is present. In other words, the difference between the *PP’ 
and the 'SP frequency is a measure of the influence of an electron in 
an m, orbit upon the transition of another electron from m,. It will be 
noted that while in aluminum the effect of such an electron is to 
decrease the energy required, in all the other cases the effect is to 
increase it, and the increase is nearly directly proportional to the 
effective nuclear charge. The ions which emit the three-valence spectra 
of aluminum, silicon, etc., have the same electron structure, of course, 
and differ only in that the effective nuclear charge increases by unity 
with each successive spectrum. The change of sign of this difference 
between aluminum and silicon shows that between these two cases 
there is a critical change in the relative penetration of the S and P 
orbits. 

In the normal state of two-valence-electron systems, the valence 
electrons are both in m; orbits. The normal state is a 'S state. In the 
data on two-valence-electron systems we have five relationships to 
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consider: the nearness in frequency (1) of the lowest ‘SP and *SP 
transitions in all cases, (2) of the lowest *PP’ and 2SP transitions in all 
atoms in the short periods of the periodic table, (3) of the lowest ‘SP 
and *PP’ transitions in the same cases, (4) of the lowest *PP’ and *SD 
transitions in calcium, barium and strontium, (5) of the lowest ‘SD and 
‘PP’ transitions in the same cases. The second and fourth, and the 
third and fifth cases are, of course, similar. 

Let us consider, first, the case of the nearness in frequency of 'SP 
and *SP in two successive spectra. There are two ways in which this 
relationship may be viewed. The lowest 'SP frequency represents the 
energy to take the last electron from the normal m; state to an m, orbit, 
while the next to the last electron is in an m, orbit. The lowest *SP 
frequency, on the other hand, represents the energy of the same electron 
transition when there is no second valence electron. The difference in 
frequency of these two lines measures, then, the effect of an electron 
in an m, orbit upon an SP transition of the same total quantum number. 
It will be noticed that in the case of the arc spectra of magnesium, 
cadmium, barium, and strontium the transition is aided by the presence 
of the second electron, while in all the other cases the transition is 
rendered more difficult. The S and P orbits are penetrating in all these 
cases, but between Mg I and AI II the relative penetration in the two 
cases must change. We might say that between these two cases the 
effect of increasing effective nuclear charge in the more highly ionized 
spectra begins to overbalance the effect of the additional valence 
electron on the S-P transition. 

A somewhat different view of this relationship is gained if we consider 
the process by which the lowest 'S state and 'P state go over into the 
lowest *S and *P states, respectively. The lowest 'S state is transformed 
to the lowest *S state by the removal of the last but one valence electron 
from an m, orbit while the last electron is in an m; orbit. The lowest 
'P state is transformed into the lowest *P state by the removal of the 
last but one valence electron from an m, orbit while the last electron is 
in an m2 orbit. 

Accordingly, the difference between the lowest ‘SP and *SP fre- 
quencies measures the difference in the energies required to remove 
from the atom an m, electron when the second valence electron is in 
an m, orbit and when it is in an m, orbit. In the case of neutral atoms of 
the alkali earths it will be seen that to take out an electron when the 
shielding electron is in an m, orbit is easier than when it is in an m2 
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orbit, while in all the other cases shown the reverse is true. Again we 
are led to the same conclusion as before, i.e., that between Mg I and 
AI II the greater effective nuclear charge begins to outweigh the effect 
of the second valence electron on the m,—n, transition. 

In much the same way we may consider the relation between 'SP 
and *PP’. The n*P,’ state may be excited in two steps, one of which 
takes one electron from the normal 'S state to the lowest 'P state, and 
the other, a transition, which takes the second m, electron to an n, 


state. To excite the m*P, state, of course, requires merely the energy 
n'S —n®P,. That is, 


n'S—n' P’, =n'S—n'P+ (energy n:—n2) 
n'S—n'P,=n'S—n'P, 





nw P,—n®P,=(n'S—n'P)— (n'S—n®P,)+ (energy m—n2) 


We can thus compute the energy required to take an electron from 
n, to a triplet m, orbit when the other valence electron is in an m2 orbit 
and compare it with m'S—n'*P,, which is the energy of the same tran- 
sition when the other valence electron is in an m, orbit. The fact that 
*PP’ and 'SP are so nearly equal means, of course, that these two 
energies are nearly the same. For example, in the case of Mg I we have 

35963 = 35051 —21870+ (mi+n2) 

N\—Nn, = 22782 cm = 2.82 volts 
Also for the energy to excite the n*P,’ state from the n'S 

n'S—nP’ = 35051 +22782 
= 57833 cm =7.14 volts 

It will be observed in the data in Table 2 that, as previously pointed 
out, the increasing effective nuclear charge produces, between Mg I 
and AI II, a critical change in the relative penetration of the S and P 
terms. 

Likewise, in the case of the arc spectra of calcium, barium, and 
strontium, the nearness of *PP’ and 'SD may be represented in the 
same way: 


nm'S—n'P,' =n'S—n'D+ (m,—n2) 
n'S—n'P, =n'S— nP, 





n'P—n' P’ =n'S—n'D—(n'S—n®P))+(m—n2) 


Thus we are able to compute the energy required to lift an electron 
from m,; to ms when another electron is already in an m; orbit. The 
transition m'S—n'D is, of course, a forbidden one which occurs only 
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under abnormal conditions. If we wish to avoid the idea of a transition 
n'S—n'D directly, the double electron excitation n'S—n'P,’ may be 
written as (n'S—n'P)+(n'P—n'D)+(m,—n,). For calcium and 
strontium m'P and n'D are very close together. 
In the sequence of similar two valence electron systems starting 
with Mg I and Be I, if we consider the nearness in frequency of *PP’ 
and *SP, the case is very similar to that of *PP’ and 'SP considered 
previously for three-valence-electron systems. The *PP’ frequency 
represents the energy to take one electron (the other electron being 
already in an mz orbit) from an m, (P state) to an mz state (P’ state). 
The energy may be compared with that involved in *SP when an 
electron is taken from an m, to an m, orbit with no other electron present. 
As pointed out previously, we see again here that between MgI and 
AL II the relative magnitudes of the divalent and monovalent energy 
transitions undergo a critical change. The change is less marked than 
in the comparison of ‘SP and *SP, as might have been anticipated, for 
in *PP’ the last electron is less firmly bound than it isin ‘SP. There is 
here no reversal of the two magnitudes but the difference between 
*PP’ and *SP, which is only 200 cm- for Mg I, increases in the succeed- 
ing spectra by steps of about 2500 cm™. 
The relation between *PP’ and *SD in the arc spectra of calcium, 
strontium, and barium, between *PP’ and *SP in the other divalent 
systems, and between *PP’ and ‘SP in the trivalent systems may also be 
viewed from a somewhat different angle, as was suggested by Saunders 
and Russel? for calcium, barium, and strontium. They pointed out that 
in these cases the limit of the *P terms should be an atom ionized in 
the normal state (n*S) while the limit of the *P’ terms should be an atom 
ionized and excited to the n?D state. This we may write 
o8P— oP’ =n*S —n*D 

Likewise Laporte’ has pointed out for the remaining divalent cases 
o%P— op’ =n*§ —n?P 

and for the trivalent cases we have 
0o2P — co*P’ =n'§ —n'P 

Inspection of the data shows that in the last two cases cited nP —nP’ 
+= P— oP’, while in the first case nP—NP’#«a2P—oP’. The limit 
of the terms would have the same difference as the first two terms if the 
P and P’ terms each approached their limit according to the same law. 
We should then have 

nP —nP’ =(n+1)P—(n+1)P’=....=0P—aPp’ 
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Calcium is the only spectrum where more than two P’ terms are known 
and hence the only case where this relation may be tested. Here we 


find: 


#P,— 4P,' =23235 
SP,— SP,'=11989 
@P.— 6P,'=11779 
PP PP,'= 12678 
8P,— SP,’ = 13097 
o8P,— 03 P,’=13711 


8°P, is computed but should be correct to within one or two units. 
The P, terms are used merely because more of them are known than 
of P, or Po. It is seen that the corresponding *P and *P’ terms have 


approximately equal differences after the first. 


In other cases in Tables 1 and 2, where, for the P’ states, the last 
but one electron is in an mz rather than, as above, in an m; orbit, the 
fact that we have so nearly nP—nP’ = « P— P’ leads us to suspect 
that in these cases the P and P’ terms each approach their limits by 
more nearly the same law than in the case of calcium. Unfortunately, 
in none of these cases is even the second P’ term known. In all cases 
except the alkali earths the second PP’ multiplet would lie in the 
Schumann region, if the prediction here made is fulfilled. 


PART TWO 


Relationships of the sort discussed in Part One suggest at once their 
application in locating new spectral combinations involving the deepest 
lying terms. A few new terms which have been so predicted and found 
will be noted in Part Two. 

Ruark"® has recently reported a *PP’ group in the arc spectrum of 
n'P,—n'®P,' for this group falls between n'S—mn'P and 
n*S —n*P, as it does in so many of the cases shown in Table 2. There 
should be similar groups in the arc spectra of zinc and mercury. The 


cadmium. 


multiplet identified by Ruark in cadmium is 


r 
2329.27 
2306.61 
2267 .46 
2239 .86 


Int 
10R 
5R 
5R 
5R 


¥ 
42918 .6 
43340 .3 
44088 .6 
44631.7 


For CdI 53'S—5'P =43691 
Cd II 54S —5*P, = 44133 

It will be noticed that 5°*P,—5*P,’ lies between these two lines. 
1 Ruark, J.0.S.A. & R.S.L., 9, p. 199; 1925. 


Classification 
¥P,— SP,’ 
SP ,—SP,’ 
SP,—SP,’ 
¥Po— SP,’ 


The 
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group is anomalous in that no lines arise from 5*P,’, but the character 
of the group is fixed by the known Zeeman pattern of 5°P,—5*P,’. 

Mr. N. C Beese," Coffin Foundation Fellow at the University of 
Michigan, has assisted the author in locating a completely analogous 
group in Zinc. This group is: 


nN Int ¥ Classification 
2104.34 2R 47505 .7 4P,—4P,' 
2096.88 2R 47674.7 4P,—4P,' 
2087 .27 2R 47894.0 P,—4P,’ 
2079.10 2R 48082 .2 ¥P,.—4P,' 


For Zn I 4'S—4'P =46745.8 
Zn II 44S —4*P, =48483.2 


Since our letter to Nature was written, Dr. R. V. Zumstein, National 
Research Fellow at the University of Michigan, has kindly taken a 
spectrogram of this region for us with a Hilger E 1 Quartz Spectrograph, 
using a 100 ampere zinc arc. In this photograph the lines of the PP’ 
multiplet given above appear as sharp, narrow reversals, thus support- 
ing our classification. The diffuse short wave companion of 2087 
appears as a diffuse reversal, clearly resolved from 2087.27. We have 
determined its wave length as 2086.72, v = 47906.7. \2070.11 also shows 
a diffuse reversal. 

As pointed out in Nature, these two lines fall in the positions of 
4P,—4°P,’ and 4*P,—4'P,’, respectively, but their diffuse character 
forbids this classification. Their reversal in the heavy arc shows them 
to belong to low energy levels in the atoms. For a system with two 
equivalent 3/2 electrons (metastable zinc) Hund gives as the lowest 
energy levels 'S’’,*P’ and 'D’’. *P’ is known (*P’ above); 'D’’ would 
combine with *P to give a diffuse doublet. We have, therefore, classified 





this pair as: 
» Int ¥ Classification 
2086.72 1R 47906 .7 #P,—4D,"" 
2070.11 1R 48291 .2 4P,—4'D," 


'‘D”’ and *P,’ then coincide. 

A similar reversed pair occurs in magnesium, v = 36109.4 and 36153.5, 
which previously has been tentatively classified as 3*P;.—6'D." In 
: this case 6'D has a frequency of 152 cm less than 3*P,’. This pair is 
almost certainly of the same nature as the zinc pair just discussed. 


1 Sawyer and Beese, Nature, 116, p. 936; 1925. 
: 2 Paschen-Gotze Seriengesetze, p. 103. 











440 Ratpu A. SAWYER [J.0.S.A. & R.S.1., 13 


6'D is the fourth 'D term in magnesium, yet combinations between 3°P 
and the other 'D terms are not found, as they certainly should be if the 
term involved in this pair is really 6'D. They should, it seems, be 
classified rather as 


PN Int ¥ Classification 
2768.57 lu 36109.43 #P,—3'D," 
2765.44 lu 36153.41 3P,—3'D,”" 


In the arc spectrum of mercury a *PP’ multiplet is to be expected 
similar to those in the zinc and cadmium spectra. 

For HgI 6'S—6'P =54068.7. 

For the Hg II spectrum 6*S —6*P has not been located hitherto, but 
an inverted pair has been located at \A2848 and 2225 and classified 
as 72S —6*P by its Zeeman effect. From the location of the correspond- 
ing lines in the spectra of zinc and cadmium we might expect both 
6S —6?P; and 6*P,—6*P,’ to lie near 6'S—6'P. With the assistance 
of Mr. Beese a group of four lines has been classified as a *PP’ group 
in the arc spectrum of mercury. The group is 


r Int OY Classification 
2002.7 6 * 49933 @P.—G@P,’ 
1900.1 5 52629 @P,—OP,’ 
1832.6 5 54567 @P,—@P,' 
1774.9 4 56341 OP.— OP,’ 


If this is the multiplet sought it should appear intensely in the mercury 
arc. In fact, Lyman™ found 1832.6 and \1774.9 strong in the arc, and 
Stark“ found 2002.7 strong in the arc. Apparently, no one has ever 
photographed the region about 41900 in the arc nor has anyone pre- 
viously ever photographed this whole group simultaneously. In a 
vacuum spectrogram taken by Mr. Beese, these four lines appear with 
the relative intensities given above and with a uniform appearance. 
The triplet 6*Po,1,.—6*P;’ seems certain. 6*P,—6*P,’ might be other- 
wise chosen, although appearance, intensity, and the ratio AP,’ P,'/ 
APP; point to this assignment. With this choice of 6*P,:—6*P,’ the 
ratio AP»’P,'/AP>P; has the values 1.35, 1.17, 1.09, respectively, for 
the spectra of cadmium, zinc, and mercury. 

In the spectrum of Hg II the pair \\2847.8 and 2224.8 has been 
classified as 6*>P —7*S. In both ionized zinc and cadmium the first pair 
of the second subordinate series lies very close to the first member of 
the principal arc singlet series, while the second member has a longer 


4 Lyman, Astro. J., 38, p. 341; 1913. 
% Stark, Ann, d. Phys., 21, p. 470; 1906, 
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wavelength. A search for a pair in such a position in the mercury spec- 
trum revealed on the vacuum spark spectrogram a pair of lines which 
may be the pair sought. These are: 






r Int v Av Classification 
1987.2 10 50312 6&P,—6S 









1662.6 5 60146 OP.—6'S 


This identification cannot be advanced with certainty until a more 
complete analysis has been made of the spectrum of Hg II. Relative 
intensities, of course, mean little in lines so widely separated in this 
region. The analogy to the cases of CdII and ZnII is, however, 
suggestive. It may, perhaps, be best shown by considering the value of 
effective quantum numbers in the S orbits in the three cases, both in 
the arc and spark spectra. The effective quantum number is that value 
of (m+a) which, when squared and divided into 4N (N = Rydberg’s 
number), gives the frequency interval between the first two members 
of the second subordinate series. It is easily found in a Rydberg table. 


We find 
Cd Zn Hg 
n'S 1.23 1.20 1.14 
n?S 1.79 1.74 1.67 


This comparison is so suggestive that we feel justified in tentatively 
classifying the above pair of lines as 6*P;,2—6°S. 

In concluding our discussion of deep lying terms in two and three 
valence electron systems we wish to point out a probable identification 
of an x term in the arc spectrum of aluminum, similar in nature to the 
x terms in the spectra of Si II, CII, PII,andSIV. For the trivalent 
sequence, beginning with Al I, we have 





Spectrum 3P,—X 
Al I 

Si II 55033 
P Ill 99637 
S IV 122554 


The corresponding line for aluminum might then be expected to have a 
frequency of between 15,000 and 20,000. A search in this region located 
such a pair of suitable separation. They are 


» Int Y Ay Classification 
> 6193.3 1 16142 3P2—x 
6151.7 1 16251 109 3P\—=z 
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Within the limits of error, this pair of lines has the proper separation, 
112, and lies in the expected place, but it is rather fainter than might 
be expected. The weakness of this x term, however, is in agreement 
with the corresponding weakness in Al I of the *PP’ group which was 
pointed out by Bowen and Millikan.‘ Laporte’ has suggested that the 
x terms probably involve a double electron jump. Thus x and P’ 
might be expected to behave somewhat alike in intensity, as indeed 
they do in the other known cases. In Si II, the x term is double and 
Laporte has suggested that it is a *D’’ term, although, in the other 
cases cited, it appears to be single. Hund’s theory calls for both a low 
*S’’ and a low *D”’ level. If x=*D’’ the third line to be expected in 
the group would be the weakest and so might not have been observed. 

As a summary, we give a table of the new terms which have been 
classified in the course of this work. 

















Spectrum Designation Y 
ZnI ¥P,’ — 4634 
P,’ — 4414 
4D," — 5038, 
Mg I 3D," 3641 
Hg I OP,’ — 9802 
OP,’ — 7860 
°Al I x 32,025 
Hg II 6P; 96,200 
OP, 106,000 
6S 156,300 





The term values for Hg II are, of course, only approximate and are 
probably two or three per cent too large. 

I wish to acknowledge my indebtedness to Mr. N. C. Beese for valu- 
able experimental aid, to Dr. R. V. Zumstein for several spectrograms, 
and to Professor E. F. Barker for helpful discussion. 
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ON THE RELATION BETWEEN TIME AND INTENSITY 
IN PHOTOGRAPHIC EXPOSURE* 


Fourts Parer 





By Loyp A. Jones AND Vincent C. HALL 


During the past two years three papers have been published from 
this laboratory dealing with the subject of the failure of the reciprocity 
law in photographic exposure. The history and literature of the subject 
have been reviewed in detail in those papers and hence need not be 
repeated at this time. Those who may be interested in these phases are 
referred to our previous publications.'** Since the work to be reported 
in the following pages is a logical outgrowth of the previous work on the 
subject it may be well before attempting to present the more recent 
results to review briefly the conclusions drawn from the work reported 
previously. 

In the papers referred to numerous data pertaining to photographic 
materials differing widely in speed and type were presented. Attention 
was centered largely upon the shape of the curves obtained by plotting 
density, D, as a function of log intensity, log I, for constant values of 
exposure, E, exposure being defined as the product of exposure time, t, 
by intensity, i.e. illumination (meter-candles) incident on the photo- 
graphic material during exposure. These curves show directly the 
variation in the density (for a fixed time of development) resulting from 
a constant exposure (J-/) when the value of J is varied over wide 
limits. It was found, for the high speed materials examined that while 
these curves were definitely concave with respect to the log J axis, the 
decrease in density at the high and low intensity ends of the scale was 
not very great within the range of intensities used, this being approxi- 
mately 1 to 500,000. A much greater variation of density with in- 


* Communication No. 266 from the Research Laboratory of the Eastman Kodak Com- 
pany. 

1 Jones, Loyd A., and Huse, Emery, On the Relation between Time and Intensity in 
Photographic Exposure, J.0.S.A. & R.S.L., 7, p. 1079; 1923. 

2 Jones, Loyd A., and Huse, Emery, On the Relation between Time and Intensity in 
Photographic Exposure. Second Paper, J.0.S.A. & R.S.I., 11, p. 319; 1925. 

* Jones, Loyd A., Huse, Emery, Hall, Vincent C., On the Relation between Time and 
Intensity in Photographic Exposure, Third Paper, J.0.S.A. & R.S.L, 12, p. 321; 1926. 
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tensity was observed for lower speed materials within the same in- 
tensity range- 
An empirical equation, 





D= K—av/ (log! —log/o)?+1, (1) 


was found to fit the experimental values fairly well for some materials 
but not at all satisfactorily for others. 

Following the procedure of Kron the data were also plotted in the 
form of ‘“‘curves of constant blackening,” which show graphically the 
exposure required to produce a fixed density as a function of log /. 
The expression, 


E=I -t- 10-*“desl—ey*H1, (2) 


which was found by Kron to be in closest agreement with his own experi- 
mental results, was applied to our curves of constant density but did 
not in general give good agreement. 

An alternative expression of the catenary form, 


log I -t=1 ~[(=)+(=) ]+ Ig-t (3) 
et ee eae Fe 5 alo 


proposed by Kron was applied with much better results. Almost perfect 
agreement between the computed and observed values was found for 
materials of higher speed over the entire range of intensity values, which 
in the more recent work was from 1 to 4,000,000. This expression 
applied to the results obtained with the lower speed materials gave 
excellent fitting throughout the region of higher intensities. At lower 
intensities, however, there is a definite tendency for the experimental 
values to depart enormously from the values computed by the catenary 
equation. The catenary curve which gives the best agreement with the 
results in the region of intermediate intensities tends to decrease in 
curvature for the extremely low and high intensities, becoming asymp- 
totic to a straight line. Such a relation between density and intensity 
leads to the conclusion that it should be possible at all finite values of 
intensities, no matter how small, to obtain a finite value of density by 
sufficient extension of the exposure time. The rapid departure of the 
experimental results from the catenary form in the region of low 
intensities indicates that there is a finite value of intensity below which 
an indefinite extension of the exposure time will not result in a finite 
increment in density. The evidence therefore indicates that the cate- 
nary form cannot be expected to fit the facts over the entire range of 
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intensities. The fact that the catenary does fit so well in the region 
of intermediate intensities and the very rapid departure from this 
form at low intensities makes it seem rather improbable that a single 
analytical expression can be formulated which will have general 
applicability to all materials and to the entire range of intensities. 

It was found also for some materials that the value of gamma ob- 
tained with a fixed time of development is dependent upon intensity, 
while in other cases gamma is independent of intensity, at least within 
the limits of experimental observation. There seems to be a greater 
tendency for the materials of lower speed to show a variation of gamma 
with intensity than for the materials of higher speed. The existence of 
an oplimal intensity, Io, has been definitely established, this being 
defined either as the intensity at which a given exposure results in the 
greatest density, or as that intensity at which a given density is pro- 
duced with the least exposure. In our last paper it was pointed out that 
the existence of an optimal intensity for the emulsion as a whole is 
strictly dependent upon the existence of an optimal intensity for each 
individual grain. The term optimal intensity as applied to an individual 
grain must be defined in terms of the developability of the individual 
grain, while the same expression (optimal intensity) applied to the 
emulsion as a whole is defined in terms of density. By assuming that 
the value of optimal intensity for individual grains is dependent upon 
grain sensitivity and further that the grain sensitivity is more or less 
directly related to grain size, it is possible to account for the observed 
variations of gamma with intensity on the basis of change in the 
effective grain size-distribution function of the emulsion as determined 
by the intensity factor of exposure. 

The greater part of the work previous to that reported in the present 
communication was done with a fixed time of development, this time 
being so chosen as to result in a medium value of gamma but one not 
very near to gamma infinity, y,,, that is the maximum gamma obtain- 
able by complete development of the latent image due to the exposure. 
As was shown by Kron and other workers in this field the shape of the 
curves of constant blackening is practically independent of time of 
development. The value of optimal intensity however does depend 
upon development. It was suggested, therefore, that the reciprocity 
failure observed when development is incomplete might change in 
character when development is carried to completion. The problem 
of finding and establishing the relation between extent of development 
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and the magnitude of the failure of the reciprocity law was therefore 
taken up and this has lead to the results to be presented in the following 
pages. For the materials thus far examined it has been definitely 
established that the failure of the reciprocity law does not disappear 
when development is carried to completion. Moreover it has been 
found for these materials that y,, and maximum density obtainable at 
any exposure level are both directly dependent upon the magnitude of 
the intensity factor of exposure. The experimental evidence for this is 
very definite and will be presented in the following pages. 


EXPERIMENTAL APPARATUS AND METHOD 


The special instruments which were built for the study of the re- 
ciprocity failure have been described in detail in previous communica- 
tions hence at this time we shall only mention briefly a few points of 
particular interest. 

The intensity factor, 7, of exposure may be varied from .000076 
meter candles to 1280 meter candles, a range of approximately 1 to 
17 000 000. 

The time factor, ¢, may be varied reciprocally over the same range 
of values, the minimum exposure available being .00012 sec. 

The values of the intensity and time factors of exposure are subject 
to a probable error of approximately +1%. 

The spectral distribution of energy in the exposing radiation through- 
out the entire intensity range is constant. This spectral quality may 
be specified in terms of the color temperature of the source which is 
2500°K. The uncertainty in this value is +25°. 

Gas filled tungsten lamps were used throughout as sources all of 
these being carefully seasoned and standardized by comparison with 
candle power standards obtained from the Bureau of Standards and 
the Electrical Testing Laboratories. The greatest care was used in 
maintaining standard conditions throughout. 

For more complete information relative to details of apparatus and 
methods of procedure reference should be made to the previous publica- 
tions. 

PHOTOGRAPHIC MATERIALS 

For this work three photographic materials, all of the noncolor sen- 

sitive type and varying widely in speed were chosen: 
High speed—Eastman par speed portrait film 
Medium speed—Eastman commercial film 
Low speed—Eastman slow lantern plates 
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EXPERIMENTAL PROCEDURE 


The first step in the study of the effect of development time upon the 
reciprocity failure is to obtain a complete family of the characteristic 
density-log E curves for each of the series of different intensity values 
covering the entire available intensity range. Such a family of curves 
is obtained by subjecting a series of identically exposed sensitometric 
strips to development of different duration, the longest development 
time being sufficient to produce complete development of the latent 
image resulting from the exposure given in the sensitometer. In order 
to minimize the errors arising from such factors as nonuniformity of 
the material, nonuniformity of development, errors in the measurement 
of density, etc. it is highly desirable to develop several strips (five is the 
number usually used in our work) for each of the chosen development 
times. The values resulting from the averaging of the density readings 
obtained from this group of strips, all of which have received identical 
treatment in exposing, developing, washing, drying, etc. then provide 
the data from which one member of the desired family of characteristic 
curves may be plotted. A complete family of such curves provides the 
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Fic. 1. Family of D-log E curves for Eastman commercial film, I=320 mc. Development times 
as shown in the second column of Table 1. 
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data from which the relation between time of development, 74, and 
density, D, for a constant exposure, and that between time of develop- 
ment, 7, and gamma, , may be obtained. A series of such curve 
families made at different values of intensity, 7, permits the plotting 
of curves of constant density or density for constant exposure applying 
to different times of development, and these show the relation between 
the failure of the reciprocity law and the extent to which development 
is carried. 


EXPERIMENTAL RESULTS 


Eastman Commercial Film. In Fig. 1 is shown a family of charac- 
teristic D-log E curves made by exposing Eastman commercial film 
at an intensity level of 320 mc. The times of development applying 
to the individual curves are shown in Table 1, column 7,. It will be 
noted that as the development time increases the slope of the straight 
line portion (y) increases up to a limiting value, 2.70. The density at 
maximum exposure, hence at maximum exposure time / also increases 
to a limiting value as the time of development is extended. The maxi- 
mum density obtained from this group of exposures is approximately 


TABLE 1. Values of density obtained on Eastman commercial film at various intensity levels for 




















different times of development. 
Curves, Fig. 1 Data for curves in Fig. 2 
Density 
No. Ta z a 
Curve F | Curve E | Curve D | Curve C | Curve B | Curve A 
I= .0049 | J=.019 | J=.078 | 7=1.25 I=20 I=320 
1 2 1.70 2.02 2.02 2.20 2.26 2.46 
2 5 3.44 3.90 4.18 4.85 4.64 5.05 
3 10 4.32 4.95 5.70 6.30 6.00 6.77 
4 16 4.66 5.24 6.10 6.73 6.94 6.98 
5 24 4.85 5.38 6.32 6.89 6.99 7.00 
6 32 4.96 5.44 6.36 6.93 7.00 7.00 























7.0. It will be noted in the case of the longest development time, 32 
minutes, that the curve in the region of the longer exposures becomes 
flat thus indicating that a further increase in the exposure time would 
not result in a higher value of density. Moreover the maximum density 
obtained with the 24-minute development is also 7.0 thus indicating 
that further increase in development time would not produce an in- 
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crease in density. This value of density, 7.0, therefore represents a value 
which cannot be exceeded by further increase in time of development 
or time of exposure, at least when the exposures are made at an inten- 
sity level of 320 mc. 

In Table 1 in the column designated as curve A, J = 320,are tabulated 
the values of density obtained at the various times of development as 
indicated in the column 7, for the maximum exposure (log E =3.4) 
used in making this family of curves. Now if these values of D be 
plotted as a function of development time the curve A in Fig. 2 is 
obtained. 

In exactly the same manner a family of curves was obtained using 
different values of intensity in making the sensitometric exposures. Itis 
not considered necessary to reproduce all of these, but in Table 1 in 
the columns designated as curve B, curve C, etc. the values of intensity 
used in each case are given; and below in each case are tabulated the 
densities resulting from the development for various times of the area 
which had received the maximum exposure used in making that partic- 
ular family of curves. 

72 —~— 





TIME OF DEVELOPMENT 
Fic. 2. Relation between density and time of development for various values of I. 


Now from the data contained in Table 1 it is possible to plot a curve 
for each I value, showing the relation between development time and 
the density resulting from the maximum exposure. These are shown 
in Fig. 2. It will be noted that in all cases these curves are very nearly 
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parallel to the log E axis for times of development greater than 20 
minutes. The failure of the curves F, E, D, and C to flatten out com- 
pletely in this region is probably due to the slow increase in the magni- 
tude of density attributable to development fog in the case of the 
longer times of development. Evidence of the presence of this develop- 
ment fog may be seen in Fig. 1 by noting the density values at the ex- 
treme lower exposure end of the characteristic curves. No attempt 
has been made to correct for this fog since all suggested methods of 
making such correction are open to some criticism. 

Considering Fig. 2 and making allowance for the presence of some 
development fog it is evident that further prolongation of time of 
development would not produce an increase in density which could be 
attributed to the latent image formed by the sensitometric exposure. 

Referring again to Fig. 1 it will be noted that the slope of the straight 
line portion of the characteristic curves, that is, gamma, varies with time 
of development. The values of gamma for this family of curves are 
given in the last column, curve A, J = 320 m.c., of table 2._ The values 


TABLE 2. Values of gamma obtained on Eastman commercial film at various exposure levels 
with different times of development. 

















C Fie. 1 Data for curves in Fig. 3 

urves, Fig. gamma 

No. T¢ Curve F | Curve EZ | Curve D | Curve C | Curve B | Curve A 

I= .00031 | J=.0012 | J=.0048 | J=.078 | J=1.25 I=320 

1 2 54 :_ .63 .67 .77 .82 
2 5 .99 1.20 1.40 1.43 1.52 1.64 
3 10 1.06 1.48 1.89 1.99 2.18 2.29 
4 16 1.00 1.57 1.97 2.17 2.30 2.65 
5 24 1.08 1.69 1.93 2.24 2.50 2.74 
6 32 1.18 1.73 1.89 1.89 2.50 2.70 























of gamma obtained from the exposure made at the other intensity 
levels used are in the columns as designated. From these data the curves 
in Fig. 3 showing gamma as a function of 7, are plotted. It will be 
noted that these curves are also flat in the region of development times 
greater than 20 minutes. It is evident therefore that y,,, the value of 7 
resulting from complete development of the latent image due to the 
sensitometric exposure, is dependent upon the intensity factor of ex- 
posure; for instance when J =320 mc., y,.=2.70; while if J =.0003, 
Yo = 1.18, a decrease of 56 per cent. 
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The characteristic curves obtained at the various intensity levels 
for a development time of 30 minutes are plotted in Fig. 4. The evidence 
obtained from Figs. 2 and 3 justifies the assumption that these curves 


- 





4 


Time oF DEVELOPMENT 
Fic. 3. Relation between gamma and time of development for various values of I. 


represent practically complete development of the latent image due 
to the sensitometric exposure plus some density due to development 
fog for which correction has not been made. At the points of maximum 
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Fic. 4. Characteristic curves obtained by the complete development of exposures made at different 


intensity levels. 
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exposure curves A, B, C, D and E are very flat, that is, the value of 
dD/d log E is very low indicating that only a small increment of density 
results from a great increment of exposure. This shows that further 
increase in exposure would not have resulted in appreciably higher 
densities. The maximum density value in each case may therefore 
be assumed to be very near the max. D., values for the various intensity 
levels. The term maz. D,, is used to denote that value of density ob- 
tained by complete development which cannot be increased by further 
increase in exposure at the intensity level under consideration. It is 
apparent therefore from the evidence thus far presented that max. D,, 
is dependent upon J for if J=20 mc., max. D,.=7.0; while if IJ = .0049 
mc., max. D,.=4.96. The relation between max. D,, and intensity is 
shown, for the entire intensity range used, as curve A in Fig. 8. It will 
be noted that this curve lies parallel to the intensity axis in the region 
of higher intensities, but for lower intensities its value decreases fairly 
rapidly. 

Eastman Slow Lantern Plates. The essential data relative to Eastman 
slow lantern plates are given in Tables 3 and 4. It is not considered 
necessary to reproduce for this material the families of characteristic 
H & D curves made at the various intensity levels. Table 3 contains 


TABLE 3. Values of density obtained on slow lantern plates exposed at various intensity 

















levels and developed for different times. 
H&D Curves Data for curves in Fig. 5 
No. Ta density, D 
I=.0imc. | J=.16 mc. | J=2.5 mc. | 1=640 mc. 
1 2 2.63 3.00 3.13 3.18 
2 3 2.80 3.75 3.88 4.12 
3 5 3.13 4.53 4.72 5.00 
4 7 3.36 4.97 5.23 5.43 
5 10 3.65 4.91 5.42 6.07 
6 20 3.87 5.19 5.63 6.10 
7 30 3.95 5.23 5.64 6.15 




















the values of density resulting from the maximum exposure used in 
the case of each family of curves made at different intensity levels 
when developed for the times indicated in the 7, column. From these 
data the curves in Fig. 5 are plotted. These show the relation between 
density, for the area receiving the maximum exposure, and time of 
development. It will be noted that these curves are parallel to the 
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x-axis for times of development greater than 15 minutes which indicates 
conclusively that complete development of these exposures has been 
obtained. The maximum density for each curve applying to the 
different exposure levels therefore represents the value of D,, for the 
intensities and exposures used. 





o 8 12 
TIME OF DEVELOPMENT 


Fic. 5. Relation between density and time of development for various values of intensity. 


TABLE 4. Values of gamma for Eastman slow lantern plates exposed at various intensity levels 

















and developed for different times. 
H&D Curves Data for curves in Fig. 6 
gamma 
No. T, 

x ° I=.01 mc. | I=.16 mc. | I=2.5 mc. | [=640 me. 

1 2 1.54 1.54 1.73 1.73 
1 2 3 1.69 1.80 1.97 2.40 

3 5 2.09 2.55 2.82 3.09 

4 7 2.13 2.85 3.06 3.46 
‘ 5 10 2.25 3.17 3.38 3.72 

6 20 2.42 3.33 3.63 4.05 

6 30 2.42 3.37 3.63 4.03 




















In Table 4 are tabulated the values of 7 obtained at various times of 
development for four different intensity levels. These when plotted as 
functions of development time give the curves shown in Fig. 6. In- 
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spection of the data and curves shows that the curves are flat for 
development times greater than 20 minutes, thus indicating that the 
Y~ has been reached. Here again, as in ‘case of the Eastman commercial 
film, .. is definitely dependent upon the intensity factor of exposure. 





TIME OF DEVELOPMENT 
Fic. 6. Relation between gamma and time of development for various values of intensity. 


In Fig. 7 are plotted the characteristic D-log E curves obtained on 
this material with development times of 30 minutes. The evidence 
presented in Figs. 5 and 6 proves that this development time results 
in the complete development of the latent image attributable to the 
sensitometric exposure. It will be noted by reference to Fig. 7 that 
the slopes, dD/dlog E, of these curves at the points of maximum 
exposure are practically zero indicating conclusively that further in- 
crease in exposure would not have resulted in the production of a 
greater value of density. The values of density read from these curves 
at the points of maximum exposure therefore represent the max. D, 
values for the intensity levels as indicated. It is evident that for this 
material also max. D,, is vitally dependent upon J, for when J = 640, 
max.D,=6.2, while if J=.01 mc., max. D,=3.95. The relation 
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Fic. 7. The characteristic curves obtained by complete development of exposures made at different 
intensity levels. 


between max. D., and log intensity for this material are shown in Fig. 8 
as curve B. 





Fic. 8, Curves showing the relation between max. De and the intensity factor of exposure. 














456 L. A. Jones anv V. C. Hatt [J.0.S.A. & R.S.L, 13 


Eastman Par S peed Portrait Film. The data on this material are much 
less complete than that available for the other two materials. The 
portrait film is a material of high speed, having a value of optimal 
intensity, J, much lower than that for materials of lower speed. The 
great deviation from the reciprocity law, therefore, occurs at much 
lower intensity levels. With the present equipment it is not possible to 
reduce the intensity level sufficiently to include the region in which 
the failure becomes very great. The same procedure was used with this 
material as has just been described in detail for the commercial film 
and the slow lantern plate. It seems unnecessary to present the data 
obtained in detail and the final max.D,-log I curve is shown in Fig. 8 
as curve C. It will be noted that this curve is parallel to the log J 
axis throughout the region of high and medium intensities but drops 
definitely at the extreme low intensity end. While the dependence 
of max. D,, upon intensity is much less in the case of this material there 
is no doubt of its existence. It may be of interest to point out that the 
lowest intensity used in obtaining the data on this material was 
log I =3.3, I =.0026, and in order to make a sensitometric strip at this 
intensity level the exposure time must be varied from 5 minutes to 
36 hours. 


TaBie 5. Values of max. D.. obtained at different intensity levels on the three materials used 














in this work. 
Maximum D, 
I 
Commercial film Slow lantern Portrait film 

.0026 wae 2.36 
.01 5.36 3.90 2.66 
.078 6.36 4.96 2.85 
.625 6.84 5.48 2.90 
5.00 6.92 5.80 2.90 
40 7.00 6.00 2.90 
320 7.00 6.10 2.90 














RECIPROCITY FAILURE IN THE WAVE-LENGTH REGION 
OF LOW SENSITIVITY 


In connection with some of our work on the measurement of safelight 
efficiencies evidence was obtained indicating a large failure of the 
reciprocity law when photographic materials are subjected to the action 
of the radiation transmitted by the selectively absorbing filters used 
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as safelights in dark room illumination. Sensitometric measurements 
made on some special emulsions containing dyes of various types also 
revealed a much enhanced reciprocity failure. These observations 
made it seem worthwhile to make some quantitative measurements of 
of the relation between time, intensity, and resulting density when the 
exposures are made using radiation from which the more active photo- 
graphic components have been removed. In one sense this may be 
regarded merely as a method of reducing the effectsve photographic 
intensity to a very low value. Some interesting results have been 
obtained in this manner and while they are not as a whole ready for 
presentation, it seems desirable to give at this time one typical example 
since it has some bearing upon the conclusions to be drawn from the 
other work reported in this paper. As illustrative of the results obtained 
by exposing through selectively absorbing filters the curve in Fig. 9 


| 





Fic. 9. Curve showing the relation between the intensity lfactor of exposure and density, for 
constant development time, produced by constant exposure, I - t. 


is shown. This was made by exposing par speed portrait film to the 
radiation transmitted by a Wratten No. 25 filter, the light source being 
a tungsten incandescent lamp operated at a color temperature of 
2500°K. The filter mentioned is the standard tri-color red filter and is 
similar in characteristics to the red filters used in safelights for dark 
room illumination. The curve shown is that of density for a constant 
exposure, E=J] -t=320 mcs, plotted as a function of the intensity 
factor of exposure. The development time used was 30 minutes and, 
as indicated by the evidence obtained from our previous work on this 
material, is sufficient to give complete development of the latent image 
due to the sensitometric exposure. The ordinates of this curve therefore 
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are values of .D., for exposures of 320 mes made at various intensity 
levels as indicated by the log intensity scale. The intensity scale is in 
terms of the illumination, in visual units, that is meter candles, incident 
upon the screening filter. In order to obtain the illumination, again 
in visual units, incident upon the photographic material, it is necessary 
to multiply the intensity values as indicated by the transmission factor 
of the filter which is approximately 22 per cent. It will be noted that 
for intensities less than log J = 1.8, which when corrected for the filter 
absorption gives a value of J=.14 mc the curve is practically parallel 
to the log intensity axis. The reciprocity law is therefore approximately 
valid in this region and the density produced depends only upon the 
product of J - ¢ and not upon the absolute magnitude of J. For values 
exceeding J=.14 mc this ceases to be true and the magnitude of 
density is vitally dependent upon the value of J. It will be noted, Fig. 9, 
that for the higher intensities the density obtained is greater than 2.0; 
and Fig. 8 shows that the maximum value of D,, obtainable with this 
material is 2.90. It will be shown later this represents the density due 
to the development of all the silver halide present in the emulsion. 
D max. for this material, therefore, is 2.90. Returning again to a 
consideration of Fig. 9 it has been found that if E be increased to a 
value greater than 320 meter candle seconds it is possible by exposures 
made through the red safelight filter to produce a density of 2.90. 
When intensities are used giving these high density values the gamma 
values obtained are also relatively high. From the results obtained by 
exposures made through these selectively absorbing filters the conclusion 
may be drawn that materials of the so-called noncolor sensitive type 
have considerable sensitivity to radiation of longer wave lengths when 
the J factor of exposure is sufficiently great. This conclusion has an 
important bearing not only upon the practical phase of exposure and 
dark room illumination but also upon the theory of latent image and 
exposure in general. 


EVIDENCE FOR COMPLETE DEVELOPMENT OF THE 
AVAILABLE SILVER HALIDE 


Before attempting interpretation of the results obtained from the 
study of these three materials, it is desirable to determine whether or 
not the maximum density values obtained as shown by the curves in 
Fig. 8 represent the maximum density which can be produced by the 
complete development of all the silver halide present in the emulsion. 
In order to determine this the following tests were made. A relatively 
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large area of the material to be tested was exposed and developed so as 
to result in densities equivalent to the maximum values as shown in 
Fig. 8. The area of material used was determined and this was fixed in 
a plain thiosulphate bath known to be entirely free from dissolved 
silver salts. A small piece of the same material which had not been 
subjected to development was then fixed in an identical fixing bath of 
the same volume. The area of this small piece was equal to one per cent 
of that of the large developed sample. The two solutions were then 
tested for the presence of silver by a sensitive colorimetric method. 
In the cases of the three materials used in this work the coloration 
resulting from the bath in which the large developed area had been 
fixed was less than that resulting from the solution in which the small 
undeveloped piece had been fixed. This indicates conclusively that the 
maximum densities as shown by the curves in Fig. 8 are due to the 
exposure and development of at least 99 per cent of all the silver 
halide present in the emulsion. For all practical purposes we are assured 
that these are the D max. values for these emulsions and represent the 
densities which it is possible to obtain by the conversion of all of the 
silver halide present into metallic silver by the processes of exposure 
and development. 
DISCUSSION OF RESULTS 


The conclusions to be drawn from the work reported in this paper are 
of considerable interest both from the standpoint of practice and of 
their bearing on the theory of photographic exposure. We shall now 
consider briefly the significance of some of these results. 

The curves in Fig. 8 show the relation between maximum D,, and 
the intensity factor of exposure. It is evident from these curves that 
when the J factor of exposure is less than a certain value it is impossible 
with any extension of development time or exposure time to make 
developable all of the silver halide grains present in the emulsion. The 
minimum value of J which is adequate to produce developability of all 
of the silver halide grains in the emulsion for each of the three materials 
used in this work is given below. 


Values of minimum I for maximum density 


Slow lantern 316.0 me 
Commercial film 5.0 mec 
Portrait film .079 mc 


It will be noted that for the slow material this value of intensity is high, 
while for the fast material it is low. It is apparent therefore that the 
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minimum intensity which will produce development of all of the silver 
halide present is at least approximately inversely proportional to the 
speed or sensitivity of the material. The fact that intensities below 
a certain limiting value are not adequate to make developable all of 
the silver halide grains present in the emulsion indicates that at 
intensities below this limiting value some of the grains become inert. 
The silver halide grains therefore must have an intensity threshold below 
which it is impossible to produce developability. Energy must therefore 
be supplied to the grain during exposure at a rate greater than a certain 
minimum value in order to produce developability. If this rate, which 
is proportional to intensity or illumination is less than the limiting value, 
intensity threshold, then no matter how long the exposure is continued 
or how much total energy is supplied, developability can not be pro- 
duced. 

It has been stated frequently in the literature of photography that 
photographic emulsions contain some inert grains. Some writers on 
the subject have estimated that certain emulsions contain as high as 
30 or 40 per cent of these so-called dead or inert grains. From our study 
of these three materials there is no evidence to support such a con- 
clusion. If the intensity factor of exposure is sufficiently high all of 
the grains or at least more than 99 per cent can be made developable. 
The curves shown in Fig. 8 do indicate, however, that as the intensity 
factor of exposure is decreased progressively a greater and greater 
percentage of the silver halide grains present do become effectively 
inert and can not be made developable. It seems highly probable 
therefore that the reported presence of inert grains in emulsions is due 
to the fact that the intensity factor of exposure used in the experimental 
work was not sufficiently high to result in developability of all of the 
grains. 

The curves in Figs. 3 and 6 show conclusively that y., is vitally 
dependent upon the intensity factor of exposure. The magnitude of 
this effect is very great since in the case of commercial film the y,, value 
obtained at the lowest level, J=.0003 mc, is only 1.1; while by in- 
creasing the intensity to J =320 mc, y,, rises to 2.7. In the case of the 
slow lantern plate y,, increases from 2.4 to 4.2 when the intensity is 
increased from .01 mc to 640 mc. 

Experimental evidence thus far considered shows conclusively that 
Y. and D,, depend to a great extent upon the intensity factor of ex- 
posure. Therefore the shape of the characteristic curve for complete 




















October, 1926] PHOTOGRAPHIC EXPOSURE 461 


development must depend upon intensity. In the specification of the 
characteristics of a photographic emulsion the D-log E curve obtained 
by complete development of the latent image due to the sensitometric 
exposures is of utmost importance. As shown in Figs. 4 and 7 the shape 
of such curves is dependent upon the intensity factor. This emphasizes 
the necessity of specifying the value of intensity at which the deter- 
mination of these characteristics is made. 

The question of size frequency distribution of the silver halide grains 
and its relation to the sensitometric characteristics of an emulsion have 
been investigated thoroughly by Sheppard, Trivelli, and Wightman.‘ 
They have shown that these sensitometric characteristics such as 
speed, .., D max., etc. are determined to a great extent by the shape 
of the size frequency function. The curves in Figs. 4 and 7 show 
definitely that the shape of the characteristic curve obtained by 
developing to completion is dependent upon the intensity factor of 
exposure. It would seem to follow therefore that the effective size 
frequency distribution is also dependent upon intensity. The term 
effective size-frequency distribution is used in reference to the silver halide 
grains which may be rendered developable, in other words, those grains 
present in the emulsion having intensity thresholds less than the 
intensity factor of the exposure used. 

The work reported in this paper does not afford any direct evidence 
as to the relation between grain size or grain sensitivity and the intensity 
threshold of the grains. It seems logical, however, to expect that the 
intensity threshold for grains of high sensitivity will be relatively low 
while for grains of low sensitivity it will be relatively high and since it is 
generally believed that there is a more or less direct correlation between 
grain size and sensitivity it follows that it is reasonable to assume that 
the smaller grains will have a higher threshold intensity than the larger. 

If we assume in general that in a given emulsion the smaller grains 
have a higher intensity threshold than the larger ones then it follows 
directly that when such an emulsion is exposed at a sufficiently low 
intensity level the smaller grains will not be made developable and so 

* Sheppard, S. E., Trivelli, A. P. H., and Wightman, E. P. Size-Frequency Distribution 
of Grains. 

PartI. J. Phys. Chem., 25, p. 181; 1921. 
Part II. J. Phys. Chem., 25, p. 561; 1921. 
Part III. J. Phys. Chem.,27,p. 1; 1923. 
PartIV. J. Phys. Chem., 27, p. 141; 1923. 


PartV. J. Phys. Chem., 27, p. 466; 1923. 
Part VI. J. Phys. Chem., 28, p. 529; 1924. 
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far as density producing power is concerned these grains may be 
regarded as inert. The effective size-frequency distribution function of 
this emulsion is therefore dependent upon the intensity level of exposure 
and is different from the actual size-frequency distribution based upon a 
consideration of all of the silver halide grains present. Furthermore if 
the size-frequency distribution be determined by experimental observa- 
tion of the developed grains then the shape of this function will depend 
directly upon the value of intensity used in making the exposures. 

The results obtained prove conclusively that the intensity factor of 
exposure is very important in determining the effective sensitometric 
characteristics of a photographic material. The intensity factor of 
exposure therefore is probably of considerable importance in the deter- 
mination of other characteristics of an emulsion such as the relation 
between sensitivity and the wave length of exposing radiation and the 
dependence of upon wave-length, either for a fixed time of develop- 
ment or for complete development. Values of sharpness and resolving 
power are also dependent to some extent on this same factor. This 
follows at once when we consider that these qualities of an emulsion 
are determined largely by the gradient of the D-log E characteristics. 

Much additional work needs to be done on the subject in order to 
obtain a complete and clear understanding of the interrelations between 
the various factors. In the work done thus far the intensity factor has 
been varied over a range of 1 to 1,000,000 but even this enormous range 
is not sufficient to give the information required for a complete evalua- 
tion of the relation existing between the time and intensity factors of 
exposure and the insolation. It will be necessary to extend the intensity 
scale to lower and higher values in order to determine the complete 
relationship. This extension in the direction of low intensity is especially 
important for the higher speed materials. On the other hand for the 
lower speed materials it is desirable to extend the intensity scale in the 
opposite direction. The experimental difficulties of obtaining extremely 
short exposures with high values of J and extremely long exposures 
with low values of J are rather great and it will be necessary to design 
and construct new equipment for this purpose. At the present time a 
low intensity sensitometer suitable for making exposures of several 
weeks or even months duration is being constructed, and the design 
of an instrument which will give exposures down to .000001 second has 
been completed. While the results obtainable by exposures made under 
such extreme conditions may not have any immediate practical im- 
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portance they are of great interest from the standpoint of photographic 
theory. 
EasTMAN Kopak LABORATORY, 
RocuestTer, NEw Yor«K. 
FEBRUARY, 1926 


Experimental Optics: A Manual for the Laboratory. By G. F.C. 
Searle, Sc.D., F.R.S.; University Lecturer in Experimental Physics 
at the Cavendish Laboratory. xvi+357 pages, including 237 figures. 
The Cambridge University Press, London. $5.35 
This Manual describes some seventy experiments done by the 

author’s students at the Cavendish Laboratory, and is based on an 

experience covering many years, during which time the experiments 
have been tested, presumably by several “generations” of students. 

The required apparatus is such that the experiments can be readily 

adapted to any laboratory having a good optical equipment. It should 

be pointed out, however, that the manual deals almost (but not quite) 
exclusively, with geometrical optics, there being only a few experiments 

(on polarization, diffraction and interference) which would be classed as 

physical optics, and the purpose of these is largely to assist the develop- 

ment of geometrical optics. This is not a criticism of the book but 
serves to emphasize the fact that those will find most use for the book 
whose interests are in geometrical and applied optics. 

The first two chapters (19 pages) are devoted to an exposition of the 
elementary laws of optics, and their relation to refraction and reflection. 
Chapter III contains a group of five experiments with plane surfaces, 
such as the determination of the refractive index of a glass block by 
the microscope. Chapter IV is devoted to preliminary experiments 
with the spectrometer., “Experiments with Prisms” is the subject of 
Chapter V, in which are described ten experiments such as “ Measure- 
ment of angles of a nominally right-angled prism” and ‘“‘Range finding 
by prism of constant deviation.” Six experiments on spherical mirrors 
are given in Chapter VI. Chapters VII to X, over 150 pages, present the 
subject of Thin Lenses, Thick Lenses, Coaxial Systems and Astigmatism 
and Focal Lines. It is this part of the work which the student of applied 
optics will find most valuable. The remaining two chapters are devoted 
to interference, polarization, and diffraction. 

The accompanying theory is thoroughly covered, partly by the 
introduction to each chapter and partly by discussions in connection 
with the several experiments. As an indication of precision to be 
expected and of results obtainable by students, illustrative data are 
given with each experiment. 

The book has two important defects: There is no index, and the 
author fails to give references to original sources. Nevertheless the high 
caliber of the book should make it valuable, both as laboratory reference 
book and laboratory text, for those interested in the field of optics. 


F. K. RicoTMvER 
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Control of Optical Surfaces.—The first in a series of six install- 
ments of a discussion of this subject. The purpose of the first chapter is 
to summarize the generalities and to define the terms to be used. There 
are four ways of stating the criterion of perfection for a wave emerging 
from an optical system, and for each of these there is a particular mode 
of representing the imperfections. 

1. The surface of the emergent wave should be spherical. If the 
wave were perfect a sphere of reference could be found, fitting per- 
fectly. In general the errors of form may be measured normally 
from the sphere of reference. The profile, (v, N), is then a curve showing 
for each ordinate, v, the value of the normal error. This system gives 
the retardations of the wave front. 

2. All the points of the emergent wave should be at the same optical 
dista nce from a point, which is the center of the wave. When errors 
exist the central fringe for a small element of the wave at ordinate 2, 
combined with the bundle from a small axial element, will not be on 
the axis but will display a displacement p. The profile (v, p) is a curve 
showing the magnitude of the error. 

3. All the tangent planes to the emergent wave should agree with 
those of a sphere, that is to say, all the normals should converge to a 
point. In general, the normal from a point on the wave will not pass 
through the point of reference but will have a certain error ¢, measured 
perpendicular to the axis. The profile, (v, ¢), is a curve showing for each 
point on the wave front, the value of the error ¢. Itis called the tan- 
gential profile, the error ¢ being a function of the location of the tan- 
gential plane at the wave front. 

4. All the normals to the emergent wave, that is, the light rays, 
envelop the caustic curve, the point of contact with this curve being 
the center of curvature for the corresponding portion of the wave. 
This caustic should be reduced to a point. In general, the center of 
curvature for a portion of the wave departs from the ideal position by 
a certain axial distance i. The greater the value of i the greater is the 
local curvature of the wave. 

All the methods of control may be placed in three categories. The 
first includes the methods of direct measurement, such as micrometer 
measurements, axial and lateral. The second includes comparison 
methods. The third includes methods of an analytical and calculational 
character. 

The installment ends with a discussion of the various methods that 
may be employed in the experimental work, and a bibliography from 
Foucault to Lenouvel. [G. Yvon, Revue d’Optique, 4, pp. 8-23; 1925.] 


G. W. Morritt 














NAMING THE COMMON SIGNAL COLORS 


By M. Lucxtresn Anp I. W. MOELLER 


It is well known that there is much confusion in naming colors and 
this applies even to relatively pure colors such as those used for signals. 
Previous observations by the author indicated that much confusion 
arises in naming colors in the region of blue-green. This is not only of 
practical interest but has some significance in certain theories of color- 
vision and in the evolution of color-names with advancing civiliza- 
tion.! In considering colors for traffic signals and other phases of signal- 
ing, it seemed of interest to obtain some data in regard to the names 
which average persons apply to various colors commonly used for 
such purposes. 

Twelve colors were chosen from those supplied by the Corning Glass 
Works. These were viewed against a colorless background illuminated 
by ordinary tungsten lamps. The roman numerals in the accompany- 
ing table are the authors’ designations. In the second column the 
manufacturer’s specifications are given and in the third column are the 
“relative transmission” as indicated by the manufacturer. These 
transmission-factors are not strictly relative excepting for each specific 
color. For example, specimen J is designated as 100 per cent; specimens 
VI and X/ are lighter specimens of the same red glass and their relative 
transmission factors with respect to specimen J are 151 and 300, re- 
spectively. The other colors are designated in the same way as to 
“relative transmission” in terms of an arbitrary density of each specific 
color. The values in the third column are not to be intercompared 
exception for the same general color. In the fourth column are the 
names given to some of these specimens by a sectional committee of 
the American Engineering Standards Committee on Code for Traffic 
Signals. 

Thirty-eight observers were used and they were asked to assign a 
color-name to each one of these colors but were to confine these names 
to the simple colors of the spectrum and combinations of these. They 
were allowed to use the words “light,” “dark,” “deep,” “pale,” etc., 


but in general were confined to common color-names and their com- 
binations. 


1 Lighting Fixtures and Lighting Effects (1925) by M. Luckiesh, page 24. (McGraw-Hill 
Book Company, New York) 
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Obviously, a color may appear different when viewed alone in 
darkness than when compared with other colors. Therefore, the 
observers were asked to assign names to each of these colors when 
viewed alone in darkness, and then again when all twelve (grouped in 
a 14-inch square) were visible at the same time. The visual angle 
subtended by each color was of the order of magnitude of 45 minutes to 
90 minutes and any two colors were separated ten times this amount. 
The color-names actually assigned by observers for each color are 
presented in the fifth column. In the last two columns the results are 
given in percentages of the total number of observers. In the sixth 
column are the percentages of the thirty-eight observers who assigned 
the various five names to specimen J when viewed alone. No other 
names were assigned to this color by any of the observers. It will be 
noted in the last column that when viewed collectively all the observers 
assigned the name “‘red”’ to this particular color. 

It is particularly interesting to note the difference in the percentages 
of the observers assigning various color-names when the colors were 
viewed singly and collectively, respectively. As anticipated the most 
confusion arises for colors in the neighborhood of blue-green, such as 
specimens IV and VIII. Again confusion arises at another transition- 
point, for example, from yellow to red. 

The data are interesting in showing: 

(1) That color-names are by no means standard for a group of 
persons, even though the colors are common ones of fair saturation. 

(2) That the names assigned are often different when the color is 
viewed singly than when it is viewed among a group of other colors. 

(3) That most confusion in regard to naming colors is found for 
colors in the vicinity of blue-green. 

(4) That confusion also arises at the transitional point between 
yellow and red. 

These data are of interest in connection with theories of color- 
vision, evolution of color-names, as well as of practical importance in 
the use of colors for traffic signals, etc. 


Licutinc ReseEarcH LABORATORY, 
Nea Park, CLEVELAND, OxIO. 
Aprix 1, 1926. 
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TABLE 1. Summary of the color-names given by 38 observers to 12 common 






































signal colors 

Specimen | Corning designation A. E.S.C. Color-names Percentage of 
color-name* assigned by observers assign- 

Glass No. | “Relative observers ing each color- 

transmis- name 
sion” 

Viewed | Viewed 

singly | collec- 

tively 

I G-24 Red 100% ——— | Red 86.8%) 100.0 
Light Red 5.3 a 

Red-Orange 2.6 — 

Orange-Red 2.6 — 

Dark Orange 2.6 —. 

II G403 ED 102 Dark Blue-| Blue-Green 39.5 33.7 
Green Blue 28.9 39.5 

Green-Blue 15.8 18.4 

Green 13.2 13.2 

Light Blue 2.6 2.6 

Yellow — 2.6 

II G-30 B 102 Dark Yellow | Orange 76.3 62.2 
Yellow 2.6 18.4 

Yellow-Orange 5.3 2.6 

Yellow-Red 5.3 2.6 

Red 2.6 5.3 

Light Red 2.6 — 

Light Yellow 2.6 2.6 

Amber 2.6 2.6 

Red-Orange mone 2.6 

IV G40 D 250 Light Green | Blue-Green 28.9 13.2 
Green Light-Green 15.8 21.1 

Green 23.7 23.7 

Blue 13.2 10.5 

Green-Blue 10.5 10.5 

Light Blue 2.6 10.5 

Yellow-Green 2.6 2.6 

Yellow-Blue — 2.6 

Blue-White — 2.6 

White 2.6 2.6 
*Glasses named in this column have been adopted by a sectional committee on code 

for traffic signals; American Engineering Standards Committee. 
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Tasie 1. (continued) Summary of the color-names given by 38 observers to 12 common 

















signal colors 
Specimen | Corning designation A. E.S.C. Color-names Percentage of 
color-name* assigned by observers assign- 
Glass No. | “Relative observers ing each color- 
transmis- name 
sion” 
Viewed | Viewed 
singly | collec- 
tively 
V G-30 D 200 Light Yellow} Yellow 34.2 50.0 
Yellow Orange 36.8 18.4 
Yellow-Orange 13.2 7.9 
Orange-Yellow — 10.5 
Deep Yellow 2.6 —— 
Pale Yellow 2.6 2.6 
Light Orange 2.6 2.6 
Yellow-Red 2.6 2.6 
Red-Orange 2.6 2.6 
Red 2.6 2.6 
VI G-24 Red 151 Dark Red Red 89.5 100.0 
Light Red 7.9 —— 
Orange-Red 2.6 — 
vil G-34R Orange 26.3 28.9 
Red 28.9 23.7 
Orange-Red 15.8 13.2 
Red-Orange 5.3 10.5 
Red-Yellow 2.6 — 
Yellow-Red 7.9 5.3 
Orange-Yellow 2.6 — 
Deep Yellow 2.6 — 
Brown-Red 2.6 2.6 
Light Red 5.3 13.2 
Pink — 2.6 
VIII G-40D 101 Dark Green | Blue-Green 26.3 39.5 
Blue 23.7 26.3 
Green 21.1 13.2 
Green-Blue 18.4 13.2 
Light Blue 7.9 $.3 
Light Green 2.6 — 
Green-Yellow — 2.6 
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TABLE 1. (concluded) Summary of the color-names given by 38 observers to 12 common 


























signal colors 
Specimen | Corning designation A.E.S.C. Color-names Percentage of 
color- assigned by observers assign- 
“Relative name* observers ing each color- 
Glass No. transmis- name 
sion” 
Viewed| Viewed 
singly | collec- 
tively 
Ix G-38 Yellow 78.9 86.8 
Noviol “C” Orange 2.6 aes 
Orange-Yellow 2.6 2.6 
Light Yellow 5.3 5.3 
Yellow-Green 2.6 — 
Green-Yellow — 2.6 
Green — 2.6 
x G-401 CZ Green 81.6 89.5 
Light Green 7.9 5.3 
Dark Green 2.6 oe 
Blue-Green 2.6 2.6 
Yellow-Green 2.6 2.6 
Green-Yellow 2.6 — 
xI G-24 Red 300 Light Red} Red 84.2 68.4 
Light Red 7.9 10.5 
Orange 5.3 7.9 
Orange-Red 2.6 2.6 
Red-Orange — 5.3 
Red-Yellow ——— 2.6 
Dark Orange — 2.6 
XII G-50 Blue Blue 86.8 76.3 
Blue-Purple 14:1. 42 
Purple 5.3 10.5 
Violet $.3 5.3 
Red-Blue —— 2.6 























Relative Ionizations in Different gases produced by 500-volt 
and Slower Electrons.—Thermionic electrons after acceleration shot 
out through a short cylindrical tube towards a plate about 7 mm away; 
a wire ring encircling the tube and behind the plane of its aperture was 
charged to a negative potential (which, as shown by test experiments, 
scarcely affected the ionization in the electron stream) and gathered 
the ions produced. All metal parts were of W or Mo, and the de- 
gassing of the system by heating was carried out intensively and 
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repeated unusually often. Curves of ionization vs. pressure showed a 
strict proportionality between these two up at least to 2.10-* mm Hg, 
within which range the pressure was confined to avoid multiple impacts. 
Curves of ionization vs. electron energy show in general a rise from the 
ionizing energy to a maximum value at an electron voltage V,,, beyond 
which there is a slow decline and eventually a second maximum 
attributed by the author (with some reserves) to secondary electron 
emission from the plate. The following table shows in its first line the 
gases used, in its second the values of V,, and in its third the ionization 
currents i209 for 200-volt electrons referred to that for Ne as unity: 


Gas Ne He Ar co H, CH, N2 
Va 220 140 100 120 100 —- —= 
t200 1 0.48 4.1 3.45 0.91 3.5 3.2 


The values of i200 for He, Ar, CO and N; are quite closely proportional 
to the number of electrons in the respective atoms or molecules; on the 
other hand this could not be true at other voltages, and at 200 volts is 
not true for the other gases used, so that it may be a mere coincidence. 
The agreements with previous work by others are on the whole good; 
it seems an odd coincidence that for the four gases also measured by 
Compton and van Voorhis (cf. Phys. Rev. 26, pp. 435-53; 1925) their 
values of V,, are uniformly 40 to 50% above this. Absolute values for 
the ionization per electron per mm path may be found in the article, 
but the author does not rank them so high as the relative ones.—[(W. P. 
Jesse, (Yale); Phys. Rev., (2), 26, pp. 208-220; 1925.] 


Kart K. Darrow 


Control of Optical Surfaces.—In this, the second installment of 
the series, that profile designated as the normal profile, is discussed. 
The emergent wave is compared with a suitably chosen spherical wave, 
the deformations being measured normal to the reference wave. Since 
the reference wave must be arbitrarily taken for making measurements, 
it is necessary to consider what changes should be made in its position 
and radius in order to express the errors in a way that will indicate 
the minimum amount of retouching required for practical perfection. 
Fortunately this can be done analytically. Two methods for obtaining 
the normal profile, the one by Michelson, the other by Twyman, are 
described and discussed in considerable detail. [G. Yvon, Revue d’ 
Optique, 4, pp. 129-160; March 1925.] 


G. W. Morrirr 
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A HIGH FREQUENCY BRIDGE 
By J. A. Stratton* 


ABSTRACT 


In this paper is discussed a common type of capacity bridge together with the modifica- 
tions necessary and the precautions to be taken for operation at frequencies of the order of 
500,000 cycles per second. Fixed resistance ratio arms are employed and phase angle correction 
is obtained either by variable resistors or by the insertion of variable inductors as first sug- 
gested by Rosa and Grover. Difficulties involved in the source of power, the balancing of ratio 
arms with respect to ground, the detection of balance and the shielding of instruments are 
discussed. 


> 


THE BRIDGE 


The investigator who carefully examines the existing literature on 
bridge measurements will undoubtedly be most impressed by the 
large number of networks that have been proposed from time to time 
by various writers. Moreover, he will probably be convinced that the 
“universal bridge,” that is, one provided with terminals for the un- 
known and a dial handle for balancing to the requisite accuracy, does 
not exist—at least at the present stage of development. Of the various 
bridge methods at our disposal each has its inherent advantages and 
disadvantages and is more or less adapted to a particular field of work. 

To bring some degree of order into the investigation we may roughly 
classify a-c bridges in the following manner; first, according to the 
purpose to which they are destined and second, according to the 
characteristics of the network. 

Such bridges may be used for the measurement of: 

1) Resistance 

2) Self-capacity 

3) Mutual capacity 

4) Self-inductance 

5) Mutual inductance 

6) Phase angle 

7) Frequency 
The bridge networks in turn have been classified under the following 
headings :! 

1) Containing resistance and self-inductance 

2) Containing resistance and capacity 


* Electrical Engineering Department, Massachusetts Institute of Technology. 
' See Hague: A. C. Bridge Measurements, page 180. 
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3) Containing resistance, self-inductance and capacity 

4) Containing resistance, self-inductance, mutual inductance 

5) Containing resistance, self-inductance, mutual inductance and 

capacity 

If measurements are to be made to the best advantage the object 
must be definitely specified and the choice of a network will be further 
restricted by considerations of magnitude and conditions under which 
measurements are to be made. For example, a bridge well suited to 
the measurement of large capacities may in no way be adapted to the 
measurement of the residual capacity of coils or the capacity of very 
small condensers. A bridge network for the measurement of capacity 
becomes more complicated if the phase angles are to be determined. 
Again, to quote Hague: “Methods for the measurement of self-induc- 
tance are chosen with reference not only to the value of the inductance 
but to the resistance which accompanies it. For example, an inductance 
of a few microhenries may be easily measured when the resistance is 
of moderate value, but quite special treatment is necessary if the 
resistance be very large, as in a standard resistance coil, or very small, 
as in a shunt. Accordingly, the time-constant, L/R, of the coil to be 
measured must be taken into account in deciding upon the bridge to 
be used.” 

The choice of a bridge is fixed evidently not only by the purpose to 
which it is to be put but also by the degree of precision the operator is 
willing to sacrifice in favor of greater range. This question of a com- 
promise between extended utility and precision is continually to the 
fore. The general impedance bridge, that is, one which may serve to 
measure either inductance, capacity, or a combination of both, is 
undoubtedly the one that is of the greatest general utility in the radio 
laboratory. In this paper will be discussed the particular case of the 
resistance ratio-arm bridge which has the advantages of simplicity, 
ease of operation and geometrical symmetry. Furthermore, a relatively 
high degree of sensitivity is obtainable over a very wide range of 
conditions by the proper choice of ratio arms. In what follows, however, 
the particular case of equal ratio arms with capacity only in the 
remaining arms will be considered. 

The fundamental circuit diagram is given in Fig. 1. The conditions 
of balance for this bridge are very simple. Assume for the moment 
that the inductance of leads and resistances is negligible. Let r, and 


* Hague, loc. cit., page 275. 
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r, be the resistance components of the condensers C, and C, respec- 
tively. Then the equations of real and imaginary components are: 


(1) —-= 





(2) 

















Fic. 1. Simple capacity bridge. 


The conditions of perfect balance or zero current in the detecting 
circuit then requires a balance of both real and imaginary components. 
In the simple bridge of Fig. 1 an additional means must be provided 
for balancing the real components due to loss of absorption in the con- 
densers. This may be accomplished in a number of ways, of which the 
simplest is by means of an external resistance inserted in each con- 
denser arm. Let p. and p, be variable resistances in series with con- 
densers C, and C, respectively. The equations of balance become: 





s 's R 
(3) ee ee 
2+ pz Ri 

c. R, 

(4) — = — 


Gs Rz 
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R, and R; are fixed ratio arms. r, and r, are fixed, depending upon 
the condensers; p, may be fixed or variable, but for convenience is 
preferably left fixed. A balance of real and imaginary components is 
then simply obtained by variation of p, and C, respectively. The con- 
denser absorption may be considered as a hypothetical resistance.in 
series with the condenser at a given frequency. Then the tangent of 
the phase angle is: 


(5) tan @=wCr when r is the series resistance. 

The expression for the phase angle is then: 

(6) tan @,—tan 0.=wC.p.—wC,p, or for small angles: 
(7) tan (6,—0,) =wC.p.—wlC ,. 


As in all bridge measurements, the determination is comparative rather 
than absolute and the accuracy of the result depends on that of the 
standard. It is customary to assume the standard condenser C, to be 
“perfect,” i.e., r, and hence @, to be zero. Then we have: 
(8) tan 0,=wC.p,—Wl aps. 
(9) tan 0,=wC ws. 

Another method of determining the phase angle is that first suggested 
by Grover.’ 

In place of resistances in the condenser arms, a variable inductance 
is inserted in series with each ratio arm as in Fig. 2. Proceeding as be- 
fore we may write for the impedances of the different arms: 





(10) Zi = Ri + joli 
(11) Zz = Re + jols 
j 
12 Pee eee 
(12) r a 
j 
13 Ze "=f, — 
(13) r wl, 
The equation of balance is: 
(14) (rg ——) (Re + jee) — (r, — —) (Ri + jus) = 0 








Multiplying out and separating reals and imaginaries gives: 
I, Ii 


Ca C 








(15) Ry. — Rit = 0 


3 F. W. Grover: Simultaneous Measurement of Capacity and Power-Factor of Conden- 


sers, Bull. Bureau of Standards, 3, p. 389; 1907. 
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RR 
+ a 


z Whe 








(16) - + orl, — wl, = 0 


Solving equation (16) for the ratio of C, to C, we get: 
C, Ri + ow LL, — w%,LiC, 
Go. R 


R, w, 
=-—+ 








(17) 


(r.L2 _ r,L;) 





R; R; 











L__yxoovo.- 


Fic. 2. Capacity bridge with variometers for phase correction. 


From equation (17) it may be seen that the usual simple relation be- 
tween capacities and resistances no longer holds. A correction factor, 
w*C,/Rez (r-l2—r,L,), must be taken into consideration. Let us examine 
the magnitude of this term. Equation (17) may be rewritten: 





(18) CG Ri 4 wl L (& ) wl; C Ri 
—- 3 a= m= :(—) - —_ v, oo 
Ne ae See es ae 
and since tan 6 =wrC 
cS Ri wle Cc. wl; Ri 
= — + — tan#,—— — — tan #0, — 
Ce R: R; Cu R; R: 


In order to show that the last two terms of the right hand side of the 
equation are negligible, Grover, in his original article (loc. cit.), sub- 
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stitutes R,/R: for the coefficient C,/C, of the term wl./R, tan @,. 
The equation then reduces to: 

C, Ri wle wl, 

s=— [1+ une, — — tan a] 

Co. Re Rz Ri 
and he proceeds to show that the correction term is negligible by 
assuming reasonably large values of tan @ and solving numerically. 
It is to be noted however that the justication of the substitution 
C./Cz=R,/R; is the very thing that is to be proved and its use in the 
proof itself invalidates the latter. The negligibility of the correction 
term becomes all the more doubtful if the bridge is to be operated not 
at 100 cycles per second as in the example given by Grover but at 
100,000 or 1,000,000 cycles per second. On the other hand, the equa- 
tion in its present form is unusable due to the fact that it contains 
three unknowns, the unknown capacity and two condenser resistances. 
If the bridge is to be used some means of simplifying or limiting the 
mathematical solution must be found. 

The only assumption which seems justifiable a priori is that the phase 
angle of the standard condenser C, is zero. This condition is never com- 
pletely fulfilled in practice yet it is the common assumption in all phase 
angle measurements. As we have mentioned in a previous paragraph, 
there exists at present no method of measuring the absolute value of 
either capacity or phase angle at high frequencies. All methods are 
based on a comparison of the unknown with a standard.‘ Since the 
phase angle of the standard itself cannot be determined the only pro- 
cedure which rests is to construct the best condenser possible and to 
assume it “perfect.” 

On the basis of this assumption the term wl;/R, tan @ R,/R, drops 
out and we have left: 





(20) 








(21) tan 

C. R: R; C, 
In a given set of measurements equal ratio arms were used of 5,000 
ohms each, i.e., Ri =R:=5000. It was found that for all frequencies 
above 10,000 cycles per second variometers whose maximum value 
was 4 mh provided a sufficient range of inductance in the branches 
I, and L, to obtain a balance of phase angles. Air and mica condensers 
whose maximum capacity did not exceed 1500 mmf were used in the 


* An exception to this statement is found in the calorimetric method of measuring con- 
denser losses. 
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arm Cy. It is understood that this bridge is to be used for the measure- 
ment of condensers of relatively small 6 used in connection with radio 
frequency experiments. We shall assume then that 6, will never exceed 
0°10". 
With equal ratio arms the ratio C,/C,. will be of the order of one. 

Summing up these data we have: 

R; =5000 ohms 

L, =.004 henry 

2 =0°10’ 

tan 6, = .0029 

C./Cs =] 
At a frequency of 50,000 cycles per second we have: 


c Ri + L[.tan@, C, 
Cs R: C, 
5000 + 27 50,000 x .0029 x .004 
5000 
5000 + 1.167 
5000 


The approximation that equation (15) still holds results therefore in an 
in an error of about five parts in five thousand or about a tenth of one 
per cent. That this is negligible in most cases was confirmed by actual 
measurement on the bridge. A balance was obtained first with the 
inductors L; and JZ, in circuit and then with both removed. No per- 
ceptible variation in the reading of the standard could be noted. In 
general, the neglection of the correction term is warranted, at least up 
to frequencies of several hundred thousand. At 1,000,000 cycles per 
second however its neglect may introduce an error of 1% or over. 
Whether such an error is still negligible at such frequencies depends 
largely upon the success with which errors due to other causes have been 
eliminated. 
Assuming, therefore, that the simple relation 


cC R, 
(23) — = — 
C, R; 


(22) 














still holds we ray nov derive ar erpressior for the phase angle from 
equation (15). 


L 
(24) Ry.—Ry. + 2-4-0 


z a 
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(25) w0,Cw2R2—wCl,Cez,Ritol,C,—wl,C,=0 
(26) C,R, tan 0@.—C,R, tan 0,=wl,C,—wl,C; 

L 
(27) ‘intention Coe = os 

Ri R; 
or 

L 
(28) tan (6.—0,) =tan 0, = nae oe = 
R, R; 


The error due to a slight inequality of the ratio arms is generally 
small but a measurement should be checked by interchanging the 
position of the arms. This may be easily accomplished by mounting the 
ends of the arms with contacts designed to fit into mercury cups, thus 
permitting a quick and easy interchange as well as the use of various 
ratios and avoids complicated switching. Ratio arms and series resist- 
ances should be designed for minimum inductance and self capacitance. 
Either the bifilar or Curtis type of coil is to be recommended.® 


SOURCE OF POWER 


So much has been written within the last few years on sources for 
low frequency bridge measurements® that it seems unnecessary to 
review these various methods here, even from an historical point of 
view. Interrupters, buzzers and microphone hummers have at one 
time or other been favored at frequencies varying from 5 to 3,000 
cycles per second. Above that frequency none of these methods is 
readily applicable. 

Two sources of high frequency power are at present generally avail- 
able in the laboratory, both of which give satisfactory results within 
their limitations. Induction alternators have been constructed to 
operate at frequencies of over 120,000 cycles per second while producing 
a wave form reasonably free from harmonics. In recent work, however, 
the vacuum tube oscillator has almost entirely superceded all other 
devices as a source of power. Extremely easy to control, it has a practi- 
cally unlimited range of frequency and by proper design may be made 
to yield a fairly good wave form. 

The circuit given in Fig. 3 is that of an oscillator which was found to 
perform very satisfactorily. Approximate data on the circuit constants 
accompany the figure. The values of the oscillatory circuit constants 


5 Curtis and Grover. “Resistance Coils for Alternating Current Work.” Bull. Bureau of 
Standards, 8, No. 3; 1911. 

* See particularly Laws: Electrical Measurements; and Hague: Alternating Current 
Bridge Methods. 
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depend of course upon the frequencies for which the circuit is designed. 
Both batteries and oscillator were placed in a separate room, the out- 
put being led to the bridge by means of a sheathed duplex cable. In 
case the output is insufficient a power amplifier may be inserted be- 
tween generator and bridge. With the highly sensitive detector used 
this was found in most cases to be unnecessary. A 1000 ohm resistance 
has been inserted in series with each grid merely as a safeguard for the 
tube. Means have been provided for inserting in the plate circuit of 
each tube a ballast resistance for maintaining constant frequency, as 


















ili 











a 


Fic. 3. Eccles-Jordan oscillator. 


suggested by the Western Electric Company.’ In bridge measurements 
at high frequencies, however, small variations of frequency do not or- 
dinarily materially affect the results, except of course where a balance 
against frequency itself is being made. 

The oscillator system was not shielded. The filament circuit was 
grounded. The output was led to the bridge through an air-core trans- 
former. This transformer should preferably be wound on a toroidal 
wooden core, the whole being encased in a grounded shield. When the 

7 See U. S. patent 1,418,739, Edward O. Scriven. Also J. W. Horton in Bell System Tech- 
nical Journal, 3, No. 3; July 1924. 

° 








i) 








480 J. A. STRATTON [J.0.S.A. & R.S.L., 13 


bridge was operated in conjunction with a Wagner ground, as will be 
explained presently, these precautions were found to be unnecessary. 
During most measurements the output transformer consisted of two 
large generator coils of the order of two henries separated by a grounded 
sheet of copper netting. 

The presence of harmonics in the oscillator output is undoubtedly 
the cause of the greatest amount of trouble and the most difficult to 
obviate. No matter what care has been given to the design of the 
oscillator, a pure sinusoidal wave is unattainable. The amplitude of the 
harmonics may be reduced, it is true, to such a value that in ordinary 
laboratory operations their presence may be neglected. In bridge 
measurements, however, where null methods are employed, the 
harmonics, particularly the lower ones, are immediately discerned. A 
four arm impedance bridge balanced for the fundamental is balanced 
for the harmonics under ideal circumstances which are approached 
only at lower frequencies. The losses of a circuit are in general functions 
of the frequency. If then the losses of the various branches of a bridge 
circuit are not equal or balanced, it is evident that a small state of 
unbalance may be accentuated with increase of frequency. Inasmuch 
as this bridge is to be used for the determination of phase angles, the 
dielectric losses in the test specimen will only in exceptional instances 
be equal to those in the opposite balance arm of the bridge. If then 
a balance is obtained at the fundamental for the real and imaginary 
components, a simultaneous balance will not exist for the harmonics. 
This is very clearly recognizable at frequencies of the order of 1,000 
cycles per second when telephones are used in the detector or® bridging 
circuit. As a balance is approached the fundamental 1,000 cycle per 
second note diminishes in intensity and the second harmonic or 2,000 
cycle per second note may be easily distinguished. At balance the 
fundamental disappears entirely and the second harmonic remains, 
its intensity of course depending on both the properties of the bridge 
and of the source of power. If an attempt is made to balance for the 
second hafdnic alone it is necessary to filter out the fundamental 
which would otherwise drown out the much weaker harmonic. A new 
balance point is obtained, the separation from the fundamental balance 


* Considerable confusion has arisen as to the exact meaning of the term “bridge.” It is 
generally taken to mean the whole network but sometimes refers specifically to the circuit 
containing the detector which connects or “bridges” the points to be brought to equal poten- 
tial at balance. The term “bridging circuit” is used here in the latter sense in conformance 
with the terminology used by Hague, “A. C. Bridge Methods,” pp. 2 and 4, 

Ss 
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point depending upon the losses in the circuit. It is to be noted, how- 
ever, that in practice the balance point for a fundamental of 2,000 
cycles per second will not necessarily be identical with that of the 
second harmonic of a 1,000 cycle per second fundamental. This is 
due to the fact that the Wagner Ground is balanced in each case for 
the fundamental and not for the harmonics. 

At frequencies above the audible limit where a galvanometer is used 
to replace the telephones as a means of detecting balance, the presence 
of harmonics is indicated by a certain “‘residual’’ reading of the gal- 
vanometer at balance. In other words, a minimum and not a zero 
reading is obtained. This residual current through the bridging or 
detecting circuit is due only to harmonics and is not to be confused with 
current of fundamental frequency which cannot be eliminated in a 
poorly constructed bridge. If properly designed it should be possible 
to obtain an absolute balance for the fundamental. 

As has previously been stated, by proper design and operation of 
the oscillator the harmonics may be greatly reduced in amplitude 
though never completely eliminated. If it is desired to work with 
the fundamental alone ulter circuits must be intercalated between 
the source of power ard the bridge or between bridge and detector. 
This is feasible where the bridge is to operate at a fixed frequency. 
If, on the other hand, measurements are to be carried on over a wide 
range of frequency, the design, construction and operation of the 
proper filters generally proves considerably more of a nuisance than 
a benefit. In fact, during all the work connected with this research 
filter circuits were dispensed with after it was found that suppression 
or accentuation of harmonics had no noticeable effect on the position 
of balance for the fundamental. In this case, however, the operator 
should ascertain that the “‘residual’’ sound or reading is due to har- 
monics only. 

WAGNER GROUND 


In contrast to the d-c or low frequency bridge® a zero indication of 
the detection instrument does not necessarily indicate a perfect balance 
of the bridge arms at high frequency. On the other hand, such a balance 
may exist with current still present in the detector. This is due to the 
fact that parts of the circuit whose impedances are so great as to make 
their effects negligible at low frequencies may no longer be such at high 


* An exception to this statement is found in the case where impedance to ground is com- 
parable to the bridge arm impedances. 
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frequencies. Under these new conditions currents in circuits provided 
by capacities between arms and to ground become considerable. The 
relative values of the intercapacities and capacities to ground depend 
evidently upon the geometrical position of the various circuit branches 
with respect to ground and to each other. If the arms are not electrically 
symmetrical with respect to ground and to each other, there may be a 
current through the detector even though the branch balance condition 
Z,:Z;=Z.Z, be satisfied. Furthermore, the condition Z,Z;=2Z:Z, 
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Fic. 4. Bridge showing nature of leakage paths to ground. 


requires only that the points B and D be instantaneously at the same 
potential and not at zero potential with respect to ground. Due to the 
capacity between detector and ground there may be a current through 
the instrument to ground when the bridge arms are balanced. 

Let us examine analytically the bridge of Fig. 4. We may consider 
the whole bridge system, including its source of power, as primarily 
composed of three circuits connecting points A and B. The source of 
power is indicated symbolocally as an emf and an impedance Z,. 
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(1) Circuit A-EMF-B connects points A and B through the power 
leads and the impedance of the source of power. From any point on 
this circuit to ground there is an electrical path. This path may be 
represented by an impedance composed of a capacity component due 
to the capacity of the metallic circuit element and ground on a resist- 
ance component due to leakage and losses in the insulating dielectric. 
The resultant of the infinite number of parallel paths connecting that 
portion of the circuit lying between the point A and the neutral point 
of the power source to ground we shall represent by an impedance Z;. 
Similarly the resultant of the paths between B and the neutral point is 
Zs. 

(2) Circuit A—D-B connects points A and B through the impedances 
Z; and Z,. The resultant of the capacity and leakage paths to ground 
between A and D are represented by Z;; those between D and B by Zs. 

(3) Circuit A-C-—B connects A and B through the ratio arms. The 
resultants of the paths to ground are here represented by impedances 
Z 9 and Z 10- 

Impedances Z;, Z; and Z, are in parallel as are Z,, Zs and Zio. They 
may therefore be replaced in Fig. 5 by two resultant impedances 
Z, and Z,. The magnitudes of Z, and Z, will depend on the geometrical 
disposition of the various branches with respect to ground. If, for 
example, the ratio arm Z, is surrounded by a metal shield the capacity 
to ground is increased and hence Zy and correspondingly Z, will be 
decreased. If now the capacity to ground of the conjugate ratio arm 
Z, is not similarly increased or the impedance Z, similarly decreased 
an unbalance to ground will exist and the conditions indicated in the 
first paragraph of this section will obtain. In short, the criterion for 
a balance of the bridge system with respect to ground is that Z. and 
Z, be equal, assuming equal ratio arms. 

Two methods of satisfying this condition are at hand. The position 
of the various arms of the system may be adjusted until the conditions 
of balance are satisfied. This necessitates an extremely careful con- 
struction of arms and transformers and a geometrical balance of parts 
which is in consant danger of being disturbed. 

The alternative method has been partially suggested by K. W. 
Wagner.’ Two impedances Z., and Zw: are placed in parallel with 
Z, and Z, respectively. The magnitude and phase angles of Z. and 


” K. W. Wagner: Zur Messung dielektrischer Verluste mit der Wechselstrombriicke, 
Elekt. Zeits. Jahrgang, 32, pp. 1001-1002. 
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Z, are determined chiefly by the geometrical disposition of the ap- 
paratus and are fixed. The nature of the impedances Z., and Z.2 must 
be such that the magnitudes and phase angles of the resultant impe- 
dances to ground are equal thus satisfying the conditions for balance 
to ground without necessitating any change in the apparatus itself. 
It may be seen from this that the Wagner arms must always contain 
capacity as well as resistance. 





" " : 
WA --te= -. — ar A- 














Re, R Re, 
Fic. 5. Bridge with leakage paths to ground and Wagner ground. 


The balance of the so-called Wagner ground may be accomplished 
as follows: The lower side of the detector is transferred from point 
D to E which is at ground potential. The Wagner impedances (which in 
Fig. 5 are represented by condensers C., and C. in parallel with re- 
sistances R., and R.2) are adjusted until C is brought to ground poten- 
tial, as indicated by no current through the detector. The detector is 
now transferred to the poind D and the bridge balanced, thus bringing 
D to the same potential as C which in turn is at ground potential. In 
practice it is well to repeat several times the alternate balance of 
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Wagner and bridge arms, since a variation of the latter in balancing 
changes the capacity to ground and hence the setting of the Wagner 
arms. 

From the preceding discussion it may he concluded that by means of 
the auxiliary Wagner arms unbalance to earth may be corrected and 
hence that it is immaterial in what manner the bridge arms be placed 
with respect to surrounding objects. This is true as far as the capacity 
of arms to earth is concerned. The self capacity of the arms, repre- 
sented in Fig. 4 by C, and C:, however, has not been taken into account. 
When the ratio arm is brought into closer proximity with another ob- 
ject, the self capacity of the coil is increased as well as the capacity to 
ground. This change in the self capacity of the ratio arm results in a 
change of the phase angle and effective resistance of the arm which is 
not offset by a balance of the Wagner arms. At the present time ex- 
tensive data on the self capacities of coils at high frequencies are lack- 
ing. Though in many cases the unbalance or error introduced due to a 
difference in self capacities of ratio arms may be small, it should never 
be assumed negligible without further investigation. The Wagner 
ground connection will take care of all unbalances to ground and 
obviates the use of excessive care in the construction of power supply 
transformers. Notwithstanding this the ratio arms should be designed 
to have a minimum value of self capacity and care should be taken in 
placing them symmetrically with respect to the walls of the shield. 
A slight inequality in the self capacities of the ratio arms may be 
corrected to a certain extent by paralleling a small condenser across 
one arm and thus increasing its effective self capacity. Whenever care- 
ful work is being carried out measurements should be checked by fre- 
quent reversals of power leads and ratio arms independently." 


DETECTORS 


At audio frequencies the most satisfactory as well as one of the most 
sensitive devices for the detection of balance is the telephone. This is 
particularly true over the band of telephonic frequencies from 800 to 


1 The following are references to articles treating the subject of the Wagner ground con- 
nection. 

K. W. Wagner: Zur Messung dielektrischer Verluste mit der Wechselstrombriicke. 
Elekt. Zeits. Jahrgang, 32, pp. 1001-1002; 1911 also idem. Jahrgang, 33, pp. 635-637; 1912. 

D. W. Dye: The “Wagner” Earth connection Electrician, 87, pp. 55-56; 1921. 

G. E. Moore: Electrician, 86, pp. 744-745; 1921. 

F. Fischer: Tel. Ferns. Techn. Jahrgang, /0, p. 137; 1921. 

H. Jordan: Elekt. Zeits., p. 1922. 
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1,200 cycles per second where both the instrument and the human ea 
are the most sensitive. The use of the telephone may be extended 
however, both above and below these arbitrary limits. The resonanc 
points of the diaphragms may be adjusted so that fairly high sensitivity 
is attained at frequencies up to five or six thousand cycles per second 
Though the audible range extends to frequencies of the order of 15,00: 
cycles per second, bridge work with telephones at frequencies abov: 
those just named is impracticable. 

For detection at higher frequencies both the vacuum tube volt 
meter and the heterodyne methods are available. In this particular 
research the voltmeter was used in preference to the heterodyne method. 
It should be borne in mind that in the final analysis the precision of all 
bridge measurements is limited by the precision of the standard against 
which the measurements are made. Inasmuch as both methods allow 
the bridge to be balanced with a precision far in excess of that war- 
ranted by the calibration of the standards, their relative sensitivity 
does not enter into the question of choice. The voltmeter method has 
the decided advantage of greater convenience where measurements 
over a broad range of frequencies are to be made. Every change of 
frequency requires a readjustment of the heterodyne circuit. The use 
of a direct reading instrument in connection with the voltmeter obvi- 
ates the necessity of maintaining silence in the bridge room. Finally, 
the operation of the heterodyne is in general not practical at the lower 
frequencies, particularly those within the audible limit. Over this band 
there is not sufficient separation between harmonics of both the power 
supply and the local heterodyne oscillator and it becomes exceedingly 
difficult to distinguish between the various beat notes. It should be 
pointed out that on the other hand the heterodyne method has the 
advantage of enabling the operator to determire whether the “resi- 
duals” are due to the fundamental or only to harmonics of the power 
supply. 

A rough test of the vacuum tube voltmeter used indicated its sensi- 
tivity to be equal or superior to that of a telephone operating under 
the most favorable conditions and practically independent of the 
frequency. The circuit employed is reproduced in Fig. 6. The imput 
terminals of the voltmeter are connected directly into the bridging 
circuit. Greater sensitivity at given frequencies is of course attainable 
by coupling the output of the bridge to the voltmeter through a properly 
designed transformer. The sensitivity of the voltmeter alone, however, 
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is sufficiently high to make this ordinarily unnecessary, and the elimina- 
tion of the transformer makes the sensitivity constant over varying 
frequencies. The voltmeter itself is a two stage resistance coupled 
amplifier followed by a detector utilizing grid rectification. A sensitive 
d-c. galvanometer is placed in the plate circuit of the third tube, shunted 
by a resistance and battery which may be so adjusted that the gal- 
vanometer gives a zero reading with a normal value of current in the 
plate circuit. Any slight change of the voltage applied at the input 
terminals is amplified and results in a comparatively large variation in 
the plate current of the last tube as indicated by the galvanometer. 
Rectification obtained by proper choice of grid leak in this last tube 
permits a steady reading of the galvanometer proportional to the 
change of potential difference applied to the input.” 

















NS) 














4 





Fic. 6. Vacuum tube voltmeter. 


ARRANGEMENT AND SHIELDING OF APPARATUS 


The arrangement of the apparatus has much to do with the successful 
operation of the bridge. For a given network this arrangement will 
naturally depend to some extent upon the personal inclinations of the 

% The values of grid leaks and grid condensers are extremely important if maximum sen- 
sitivity is to be obtained. These values naturally depend on the types of tubes employed. 

The following data may be of assistance to any one wishing to construct a similar piece of 
apparatus. The values given are those found to give approximately the best results with type 
UV-201-A tubes, although the results vary somewhat for different tubes of the same make. 
The grid capacities C, were each 0.005 mf. Below this value the sensitivity decreased rapidly, 
but above it was almost independent of change of capacity, irrespective of the frequency. The 
amplifier coupling resistances R, were of the order of 50,000 ohms. A voltage of 300 volts was 
required to maintain a normal plate current of 5 milliamperes. The plate voltage on the 
detector was of the order of 60 to 80 volts. Amplifier grid leaks had values of 4 megohms and 
a 9 or 10 megohm leak was placed in the grid circuit of the last stage. Fine adjustment of the 
galvanometer circuit is obtained by means of a potentiometer shunted across the filament of 
the detector tube. On account of the slow heating of the resistances, several hours of 
operation are generally required before the voltmeter reaches a stable condition. 
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operator. Certain general considerations, however, may be pointed 
out as of utmost importance. First, the arrangement should be such 
/, that all connecting leads are maintained as short as possible. Secondly. 
the apparatus should be placed symmetrically, thus balancing the inter- 
4, capacities and capacities to ground on opposite sides of the bridge and 
minimizing the amount of correction to be obtained by the Wagner 
ground. Finally, the arrangement should allow the balance to be 
3° carried out with the greatest convenience possible to the operator. 
A large number of dials to be adjusted increases the time required for 
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each balance. If the operator is obliged to lean back and forth over 
the bridge in order to make frequent adjustments of an instrument 
placed in the rear, the chance of error introduced by body-capacity 
effect is correspondingly increased. In the construction of the particular 
bridge referred to in this paper, the apparatus was laid out to correspond 
closely to the schematic diagram of Fig. 5. 

Complete shielding of all apparatus used in the bridge and detector 
circuits is necessary to eliminate body-capacity effects. The surround- 
ing metal container serves the additional purpose of providing a datum 
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plane to which all capacity measurements may be referred. The term . 
“absolute capacity of a condenser” has no significance except in an 
ideal case: That in which the condenser is isolated at an infinite distance 
from all other objects. What is ordinarily spoken of as the capacity of 
a condenser—that measured across its terminals—includes in addition 
to the calculable capacity between plates the various capacities between 
plates and ground and plates and surrounding objects which may not 
be at ground potential. A numerical value for the capacity of any con- 
denser can then only be of rigorous significance when the environing 
conditions are distinctly specified, for it is only under similar conditions 
that this value can be duplicated. To obviate this difficulty to a certain 
extent, most standard condensers are enclosed in a metal shield which 
may be grounded to which is connected one set of plates. This shielding, 
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Fic. 8. Ratio arm mounting. 


however, is never perfect and the effective capacity may still be slightly 
affected by conditions external to the condenser shield. The difficulty 
of duplicating results under varying circumstances is one of the out- 
standing features of high frequency measurements. 

The shield of the bridge network consists of a large box constructed 
of 3/32” sheet steel divided into compartments suitable for the various 
pieces of apparatus. The plan view of the shielding box together with 
the instrument layout is given below in Fig. 7. Each compartment is 
provided with its own cover. Compartment F in the center contains 
the ratio arms which are supported at their middle point by a vertical 
hard rubber post. This middle point corresponds to point C of Fig. 5, 
which is brought to earth potential by the Wagner ground. At the 
high voltage ends of the ratio arms contact is made by means of a 
mercury cup. This allows the position of the arms to be quickly re- 
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versed or the arms to be replaced by others of different resistance or 
ratio. Connections to the phase-angle correcting variometers in E and 
G are made with No. 4 hard drawn copper wire. To avoid losses in 
bushings through the compartment walls the connecting wires were 
passed through one inch holes, the shortness of the leads and the 
natural rigidity of the hard drawn copper obviating the necessity of 
further support. Similar connections are made to condenser compart- 
ments H and J. In J is found the precision balancing condenser. A long 
fiber handle passing through the shield is provided for adjustment. 
A bus bar supported at its middle point in compartment I closes the 
bridge circuit by connecting compartments H and J. This middle 
point of support corresponds to D of Fig. 5, and at bridge balance is at 


ground potential. The condenser under test is placed in compartment 
H. 


Mid pant of 


lad s | J 
E 


= 
"Bushing 


Fic. 9. Bridge shield detail. 

















Compartments A and D contain the Wagner ground resistances in 
parallel with the corresponding condensers in compartments B and C, 
as in Fig. 5. These resistances are decade boxes with total resistances of 
10,000 ohms each. Condensers of about 0.001 mf. are suitable for 
balancing the reactive components of the bridge currents. No difficulty 
is experienced in obtaining a Wagner ground balance sensible to a 
change of resistance of less than one ohm for frequencies up to 100,000 
cycles/second. In practice condenser C is given any arbitrary value and 
B is adjusted with a vernier. As in the case of the main bridge, the 
criterion for a satisfactory balance of the Wagner arms is absolute 
elimination of the fundamental through the detector and the reduction 
of the harmonics to a very small amplitude. 

The shift of the detector from Wagner arms to the main bridge is 
accomplished by means of a single pole double throw switch in com- 
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partment J. The arrangement is illustrated in Fig. 9. The detector 
leads pass the outer shield wall through hard rubber bushings. At 
balance, however, the detector is at ground potential, thus precluding 
the possibility of leakage or dielectric loss here. 





Fic. 10. Power supply oscillator. 





Fic. 11. Vaccuum tube voltmeter and its shield. 


Since the oscillator was placed at a considerable distance from the 
bridge little difficulty was experienced from stray electrostatic or elec- 
tromagnetic fields, even in the absence of shielding. Shielding however 
eliminated all “body-effect” which previously had made it extremely 
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Fic. 12. General view of bridge and detector. 





Fic. 13. Arrangement of apparatus in shield. 


difficult to obtain a uniform balance. Change of balance due to varying 
the position of the instruments inside their respective compartments 
was found to be negligible provided that no instrument was brought 
within an inch or so of the wall. 


Figs. 10 to 13 show the assembled apparatus. 
ELECTRICAL COMMUNICATION LABORATORY, 
Mass. Inst. or TECH., 
CaMBRIDGE, Mass., DecemBeR, 1925. 
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A NEW QUARTZ ULTRAVIOLET MONOCHROMATOR 
By Henry F. Kurtz 
INTRODUCTION 


The monochromator to be described here is the result of an effort to 
produce an instrument having the following characteristics; (1) con- 
stancy of deviation, thereby permitting the use of a wave length scale, 
(2) the use of small pieces of quartz for economy, both in cost of mate- 
rial and in conservation of light, (3) high light gathering power, (4) 
ruggedness, durability and convenience in use and (5) a minimum of 
internal reflections and stray light. 

A study of the problem of selecting a prism system capable of 
fulfilling the first two conditions brought forth some interesting facts. 
The Cornu prism is made of comparatively small pieces of quartz and 
is perfectly compensated for doubling of the image when used at 
minimum deviation, but its deviation is not constant and it therefore 
does not fulfill the first condition. It can be made constant by the 
addition of a plane mirror after the method of Wadsworth, but this 
arrangement is uneconomical of light and objectionable because of the 
lack of a durable and non-selectively reflecting coating for the mirror. 
Prism systems of the Fery type or Littrow type, sometimes known as 
the Straubel type, all have the advantage of constancy in deviation 
and require less quartz than any other type, but they too are objection- 
able because of the lack of a suitable reflecting material. Furthermore, 
all auto-collimation types of instruments are difficult to use especially 
when the optical system is to be of high aperture. It is also difficult 
to keep them in adjustment and to free them from obnoxious reflec- 
tions and stray light. The Abbe or Pellin-Brocha type of constant 
deviation prism requires large pieces of quartz and it is quite impossible 
to free it satisfactorily from image doubling. Large pieces of crystal 
quartz of a quality suitable for prisms are scarce and costly, and 
economy in this direction is necessary. It will be of great help when the 
problem of making fused quartz of optical quality in pieces large enough 
and at reasonable cost is solved. 

The prism system finally used is somewhat similar to the Young 
prism system, or a Cornu prism “turned inside out.” See Fig. 1. It 
differs from the Young system in that the prisms rotate, keeping the 
deviation constant with stationary collimator and telescope, while in 
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the Young system the collimator and telescope rotate with the prism 
system equally and simultaneously. In so far as the writer knows this 
arrangement has not hitherto been used. Of the two elements, one is 
made of right and one of left quartz as in the Cornu prism. When the 
prisms are normal to the telescope and collimator axes, the system is 
arranged to transmit light of wave length 2000A so that reflection 
losses will be a minimum at 2000A. It was also found that trouble due 
to reflected images and to stray light was reduced to a minimum by this 
arrangement. Under these conditions the angle between collimator 
and telescope, or the constant angle of deviation of the instrument is 
128°52’. The prisms are arranged to rotate about vertical axes passing 
through the centers of the hypothenuse faces. They rotate equal 
amounts, one clockwise and the other counterclockwise. The quartz 
optic axes are so located that when the prisms are at the center of this 
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Fic. 1. The prism system. 


rotation the light within the prisms is passing parallel to the axes 
The result is that there is zero doubling at the center of the spectrum 
and equal but opposite doubling at the extremes. The amount of this 
doubling is 0°1'10’’. The image formed by the extraordinary ray is 
0°1'10’’ to the right of that formed by the ordinary at 8000A, the two 
images are coincident at about 2700A or at the center of the spectrum 
and the image formed by the extraordinary ray is 0°1'10’’ to the left 
of that formed by the ordinary ray at 2000A. It was found that this 
amount of doubling is of no consequence. 

The fulfillment of the third condition, viz., high light gathering power 
calls for pushing the relative aperture of the objectives to the highest 
limit. It is quite possible to correct objectives to work satisfactorily 
at an aperture ratio of f : 4.5 by using two separated elements, but this 
means four reflecting surfaces in each objective, with attendant re- 
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flection image difficulties and high reflection loss, not to mention the 
additional quartz required. By using aspheric surfaces it was found 
possible to make objectives of a single piece of quartz each, working at 
f : 4.0 for 2000A and at f : 4.9 for 8000A, with excellent definition. 

The achievement of ruggedness, durability and convenience in use 
are, of course, matters of mechanical design. Consideration of the uses 
of the instrument and a study of apparatus previously built indicated 
the desirability of incorporating the following details of design in 
addition to making all parts adequately strong: 


1. The arrangement of mechanical parts in such a manner as to 
reduce internal reflections and stray light to a minimum. 

2. Complete enclosure of all optical elements and moving mechanical 
parts for protection against accidental disturbance, tampering and to 
reduce the necessity for cleaning optical parts to a minimum. 

3. Provision of means for removal of the prisms for cleaning and 
replacement without the need for a long and tedious readjustment. 

4. The elimination of the cone type of bearing for the prism tables. 
This type of table bearing has always been the source of erratic be- 
haviour and annoyance. 

5. The use of a rugged wave length screw, not apt to wear easily, 
and with provision for the taking up of any wear. 

6. The use of a large wave length drum, engraved with large figures 
and placed so as to be easily read. 

7. Provision of a simple bi-lateral slit, with all parts enclosed. 

8. Adherence to simplicity in form of parts and attention to facility 
in fabrication to keep the cost as low as possible. 


DESCRIPTION 


The photograph, Fig. 2, shows the general construction. A tripod 
and column carries at the upper end a box in the form of a hollow 
trapezoidal prism, the bottom of which is integrally closed and the 
top of which is closed by a removable cover. This box encloses the 
prisms, prism tables with bearings and the prism operating mechanism. 
Fig. 3 is a top view with the upper cover removed, showing these parts. 
A single unit comprising the wave length drum, screw and nut with a 
cylindrical cover enclosing the whole is fastened to the narrow side of 
the box. The two inclined sides of the box are at such an angle to each 
other as to hold the collimator and telescope at the constant angle of 
deviation of the instrument. 

The prisms are located on the tables by cleats, fitting closely, and 
they are held down by straps passing over their tops, bridge-fashion. 
The bridge straps may be removed, the prisms withdrawn from their 
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seats within the cleats, cleaned and returned without great disturbanc: 
of the adjustment of the instrument. The prism tables are carried or 
two cylinders which rotate between pivot screws (or dead centers 

The entire center mechanism is enclosed by the box. The lower screw: 





Fic. 2. The complete instrument viewed from the side. 





Fic. 3. Top view with cover removed to expose prism operating mechanism. 
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are available from without the box, so that they may be easily adjusted 
in case any wear should make this necessary. These dead centers are 
large and do not need lubrication, so that “sticking” due to “gummed” 
bearings does not happen. 

Fig. 4 shows schematically the prism operating mechanism. The 
nut is fastened to the narrow side of the trapezoidal prism box, and the 
screw, passing through it, acts upon the moving member of a dovetail 
slide fastened to the bottom of the prism box. Two pins of equal length 
take up this motion and transmit it to lever arms fastened to the prism 
table cylinders. The lever arms are provided with means for adjusting 
length, so that equality of movement of both tables and the proper 
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Fic. 4. Schematic diagram of prism operating mechanism. 


amount of movement can be secured. An opposing spring keeps the 
lever arms in contact with the pins. 

The screw is 4 inch in diameter and of 20 threads per inch pitch. 
This large diameter and coarse pitch were selected to assure long life. 
The nut is split axially and a taper thrust collar surrounding it permits 
adjustment to fit the screw in case of wear. The wave length drum is 
four inches in diameter and is enclosed in a dust-tight cover. It is 
read through a glass window at the top. 

Referring again to Fig. 2, it is seen that the large diameter collimator 
and telescope tubes are screwed to the prism box by flanges. . They 
carry at the outer ends the cylindrical boxes enclosing the mechanism 
of the slits. Underneath each of these tubes, and also fastened to the 
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prism-box, is seen a rack and pinion slide. This slide carries the objec 
tive. Tubes of large diameter (70 mm) were used to reduce the stray 
light. To further prevent this, each one is provided with a series oi 
diaphragms. The independent slide provides adequate bearing for the 
focusing objectives. The objectives are of 150 mm focus for sodiun 
light, and are of 31 mm free aperture, giving an aperture ratio o/ 
f : 4.0 for 2000A and f : 4.9 for 8000A. The rack motions are provided 
with graduated drums permitting focal settings for any wave length 
between these limits. 

The slits for the collimator and telescope are alike in construction. 
See Fig. 5. A micrometer screw provided with a drum graduated to 
read to 1/10 mm, presses against a dovetail slide member carrying one 





Fic. 5. Slit with cover removed lo show operating mechanism. 


jaw, and simultaneously against a lever transmitting an equal motion 
in the opposite direction to a slide bearing the other jaw. The mechan- 
ism is kept in contact with the micrometer screw by means of an oppos- 
ing helical spring. Both slit mechanisms are enclosed in cylindrical 
cases for protection against dust and accident. The aperture in the 
case of the collimator slit is closed by a thin quartz window. To permit 
visual inspection of the ultraviolet radiation, and adjustment of the 
wave length drum to correct reading, the telescope slit is provided with 
a removable uranium glass screen which fluoresces brightly in the 
ultraviolet. This screw carries an index line corresponding to the 
center of the telescope slit. A removable eyepiece of 19 mm focus is 
also provided. Any chosen line (preferably one near the center of the 
spectrum, about 2700A for general work, or one near the center of the 
region under investigation if the work is to be restricted to a small 
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region) may be brought to coincidence with the index line, and the 
wave length drum independently adjusted to correct reading. After 
this adjustment has been made and the uranium glass screen and eye- 
piece have been removed, the telescope slit becomes the source of mono- 
chromatic ultraviolet radiation of the wave length indicated by the 
drum. Obviously the focusing drums on the objectives must be ad- 
justed to the same settings as the wave length drum. 

The base of the instrument is provided with levelling screws. The 
finish is a semi-glossy black enamel. All drums are read at the top, and 
the numbers are as large as possible to make reading easy. 


CONCLUSION 


It is felt that this instrument represents a distinct advance in the 
design of apparatus of its kind and that it meets the exacting require- 
ments, both optical and mechanical, of such an instrument to a highly 
satisfactory degree. This end has been reached through the applica- 
tion of a new type of prism system, the use of aspheric surfaces on the 
objectives and a more thorough study than appears to have been made 
before of the problem of mechanical design from the standpoint of 
durability, convenience of operation and complete enclosure and pro- 
tection of working parts. 


ScreENTIFIC BUREAU, 

Bausca & Loms Opticat Co., 
Rocuester, N. Y. 

May 5, 1926. 
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WIRE AND RIBBON WOUND RESISTANCE FURNACES. - 
A CORRECTION 


By C. C. Bowe 


Mr. L. O. Hart of the Driver Harris Company calls attention to a 
misstatement in the article entitled “Wire and Ribbon Wound Re- 
sistance Furnace” published in the May, 1926, number of the J.0.S.A. 
and R.S.I., concerning the composition and availability of “nichrome’’ 
resistance wire and ribbon. 

Nichrome is a nickel-chromium alloy and is not a copper-nickel alloy. 
The regular grade of nichrome contains approximately 60.00 per cent 
nickel and 12.00 per cent chromium, the balance iron, and is used for 
temperatures up to 800°C, Nichrome IV contains 80.00 per cent nickel 
and 20.00 per cent chromium and may be used up to 1000°C. 

Both of these materials are being manufactured regularly in large 
quantities by the Driver Harris Company of Harrison, New Jersey. 


Cornett UNIVERSITY. 
Irmaca, NEw York. 


A New Vacuum Thermoelement.—aA description of a very sensi- 
tive and rapid vacuum thermoelement, especially suitable for direct 
measurements of the energy in a spectrum and in stellar radiation. 
The thickness of the strips in the element is about 1 uw. An element 
with a receiving plate 1 mm? gives an emf of 15 uV for a radiation of 
10~ calories per second. A linear element, 0.1 mm in length, gave about 
50 wV for 10-* calories per second. With the apparatus used 0.001 
microvolt (corresponding to a little less than 0.001 erg per second) was 
detectable. The resistance of the elements is from 10 to 20 ohms. In 
measuring spectral energy distribution a gain in sensitivity was ob- 
tained by focusing a very small image of the emergence slit of the 
monochromatic illuminator on the small linear thermoelement. For 
a given dispersion the sensitivity is limited only by the resistance of 
the element. Similar elements for ultraviolet and for infrared—the 
one with quartz tube, the other with a fluorite window—are mentioned. 


[W. J. H. Moll and H. C. Burger; Revue d’Optique, 4, pp. 562-567; 
1925.] 





G. W. Morrittr 

















A DIRECT READING TACHEOMETER 
By W. H. Connety 


The object of tacheometry is the rapid determination of horizontal 
distances and differences in level. As ordinarily conducted, tacheo- 
metric practice includes the measurement of vertical angles, from a 
knowledge of which the distance readings may be reduced to the 
horizon. This reduction involves tedious trigonometrical calculations, 
and although tables, scales and slide rules are in use for minimizing 
the time and rendering the calculations more mechanical, much labor 
still remains. 

In 1912 Professor H. H. Jeficott of the Royal College of Science, 
Dublin (now Secretary, Institution of Civil Engineers, London), in- 
vented an instrument with which heights and distances are determined 
directly and without reduction. The war delayed progress but the idea 
has since been reduced to practice and embodied in an instrument in 
which both the horizontal distance and the vertical difference in level 
are obtained directly without calculation. The readings to be taken in 
the field are fewer and simpler than with the usual stadia theodolite or 
tacheometer, and yet an accuracy comparable with that of the latter 
types of instrument is obtained. 

Actual experience indicates an average error in determination of 
horizontal distance and vertical heights of under 0.4%. A party of 
three, (rodman, instrument man and recorder) apparently experienced 
no difficulty in maintaining an average of over 100 shots per hour. 

As is well known, the ordinary tacheometer is a theodolite with 
cross wires or rulings at a fixed distance from one another in the focal 
plane of the object glass. When a vertically held graduated staff is 
viewed through the telescope these cross wires make an intercept on the 
staff. The magnitude of this intercept, multiplied by a function of the 
angle of inclination of the telescope, gives the horizontal distance of the 
staff position. Likewise the vertical difference in level is obtained by 
multiplying the intercept made on the staff by another function of the 
angle of elevation or depression of the telescope. Thus the measure- 
ment of the vertical angle is merely a means to an end, and in the 
instrument under review this measurement is entirely obviated. The 
direct reading tacheometer may also be fitted with a vertical circle for 
universal work. 
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Fic. 1. Direct reading tacheometer. 


A—Horizontal circle, bevelled 22}°. N’—Nuts for adjusting N. 
C—Reader for vernier. O—Tribrach. 
D—Removable glass covers to verniers. P—Footscrews. 


E—Clamping face for magnetic compass. 
G—Caps for transit axis pivots. 


H—Screw-focusing eyepiece. R—Clamp for lower plate. 


H’—Focusing screw for telescope. 


I—Traverse slide for eyepiece. S—Clamp for upper plate. 


I’—Screw actuating I. 


J—Diaphragm adjusting screw. T—Clamp for telescope. 


K—Main plate spirit level. 
K’—Nuts for adjusting K. 
L—Housing for cams. 


M—Cam control spirit level screws T’ and U. 
(altitude zero setting.) X—Trivet stage. 


M—Nuts for adjusting M. 


N—Telescope spirit level. footscrews. 





Q—Daustcovers for footscrews. 
Q’—Tightening screws for footscrews. 


R’—Slow motion screw for lower plate. 
S’—Slow motion screw for upper plate- 
T’—Slow motion screw for telescope. 


U—Slow motion screw for control spirit level. 
V—Spring boxes for vertical slow motion 


X’—Screws for tightening up ball-ends of 
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The essential feature of this auto-reducing instrument consists in 
making the cross wires movable relatively to one another, and control- 
ling this movement so that their distance apart alters automatically 
with the angle of tilt of the telescope in such a manner that the inter- 
cept on the graduated staff multiplied by a constant (100) gives the 
horizontal distance, whatever be the angle of tilt. Another pair of 
cross wires likewise have their spacing altered with the angle of tilt, 
so that for all angles, within the scope of the instrument, the staff inter- 
cept between these multiplied by a constant (10) gives the difference 
in vertical height. Reduced to its simplest form, only three cross wires 
are necessary—viz., one fixed at the collimation axis, one movable for 
horizontal distance measurement, and another movable for the meas- 
urement of vertical height. The distances of the two latter cross wires 
from the axial wire are automatically controlled to give the appropriate 
spacings. To reduce the arithmetical work to a minimum, the telescope 
is provided with an anallatic lens, so that no constant has to be added 
to distance measured by the staff. 

Elevations or depressions from 0° to 30° may be read. 

Fig. 1 shows the general features of the instrument, while Fig. 2 is 
a sectional elevation showing the simple cam and lever mechanism. 
Of the three pointers shown in Figs. 3 and 4 the central one is fixed, and 
each of the others is mounted on the end of one of two levers pivoted to 
the body of the telescope, and abutting at their other ends on one or 
other of the two cams, shown in Fig. 2. The levers are gently kept in 
contact with these cams by a spring. As the telescope is tilted up or 
down the levers are carried around with it, the appropriate end of each 
lever sliding along its cam surface so that the spacing between the 
pointers is correctly adjusted to the tilt of the telescope axis. As shown 
in Figs. 3 and 4, the horizontal pointer is on the same side of the 
telescope as the fixed pointer and below it, while the height pointer is 
on the opposite side and can be traversed past the fixed pointer. 

The cam surfaces are fully protected from dirt and injury by a cover 
marked L in Fig. 1. The cams have, moreover, a sensitive spirit level 
securely fixed to them, indicated by M in Fig. 1, so that the accuracy 
of the cam position relatively to the telescope can be checked from 
time to time by noting whether the telescope level and the cam spirit 
level are in agreement. Adjustments are provided for securing the 
coincidence of these, and also for correcting the positions of the pointers 
in case of injury. 
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The optical theory of the direct reading tacheometer follows closely) 
up to a point, that of the anallatic telescope. Thus when the staff j 
held vertically, it may be shown that the horizontal projection S, o 





Hight Pointer | Fixed Powder 














| Dastance Pointer 

















[ Fic. 2. Cam and lever mechanism. Fic. 3. Pointer system. 
the distance, L, from the point on the staff read by the central pointer 


to the intersection of the line of sight with the vertical axis of the 
instrument, is 


S = Ch; 
oycos*a _ ulo+y — 4) tana 
C ) 


wo" Bean x 
ae ome] 


Also the vertical projection, H, of the same distance L, is 








H = Cohe 
where 








oy sin a cos a << xo + yy — 5) tana 
(@ + 6 — 8)x. ow (1-*) 


Here /, represents the intercept on the staff read between the right (or 
distance) and central (fixed) pointers, marked H in Fig. 4; and 
hz is that between the left (or height) and central pointers, marked 
V in Fig. 4. x, and x2 are the distances, in the telescope, of the 
right and left pointers respectively from the central pointer when 
taking the readings h,; and hz. 

















October, 1926] Direct READING TACHEOMETER 507 


a is the angle of inclination of the telescope when the readings hy, 
and he are taken. 

@ and y are the focal lengths of the object glass and anallatic lens 
respectively, and d is the distance between them. 

d is the distance between the object glass and the intersection of the 
line of sight with the vertical axis of the instrument. 

It is necessary that d=y~+d/(@+A), which determines d. 

It is convenient if we give to the constants C, and C, the values of 
100 and 10 respectively, so that the horizontal and vertical projections 
are obtained by multiplying the respective staff intercepts by 100 and 
10 respectively. 

When these values of C; and C2 are substituted in the foregoing 
equations they may be used to solve for x; and x: in terms of the values 
employed for ¢, y, \ and the angle of inclination a. The distance and 





Fic. 4. Pointer system. 


height cams are then so formed that, with the levers associated with 
them, there result separations of the corresponding pointers from the 
central position of x; and x. respectively, for each angle of elevation a. 

If the height of the center of the instrument above ground by y feet, 
and the central pointer reads f feet on the staff, then the horizontal 
projection of the distance between the staff and the instrument po- 
sitions on the ground is 100X/, and the vertical difference of level 
of the two ground positions is 10Xh.—f+y. 

We may next examine what accuracy of setting of the cross wires is 
necessary,' and first let us notice the possible accuracy of reading with 
the instrument. 


1 Reprinted from the Transactions of the Institution of Civil Engineers of Ireland, Vol. 
41, by permission of the Council. 
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Apart from questions of atmospheric clearness, the unaided human 
eye may be taken as capable of making a reading to say goth of an 
inch, at a distance of ten inches, or an angle of 595. With this assump 
tion, and supposing the magnifying power of the telescope is 20, an 
angle of gp becomes measurable. Thus at a distance of 400 feet the 
staff could be read to 7 foot. Now, if the multiple for distance 
measurement be 100, and the intercept on the staff is 4 feet, the sensi- 
tivity of taking a single reading on the staff is thus gj, or one quarter 
of one per cent. 

This is a limit imposed by the nature of vision with the human eye, 
and if the cross wires, supposed movable in the manner indicated, be 
made to fall considerably within this limit of accuracy from their 
ideally correct positions, the mechanical features will not give rise to 
any observable error. 

To calculate the tolerance of the position of the cross wires, let u 
be the magnii cation of the telescope, then taking a limiting angle for 
setting of 395, we find that no measurable error of reading will result 
if the cross wires are set to within Cx/2000u. This becomes x/400, 
if C=100 and »=20. 

Thus the mechanical accuracy required for the position of cross 

wires is about as inch (0 - 0002 in.) and if the cross wire is not more 
than this distance from its ideally correct position, the error is im- 
measurably small. With a lever ratio of 5 : 1 this means that the cam 
must be correct to j9@ inch. Higher accuracy of position than this 
is attainable by means of cam and lever mechanism. 
_ . Another feature making for rapid 1 eld work is that the horizontal 
circle vernier is placed under the eye-end of the telescope, the same 
being titted with a special achromatic magnifier giving a flat field of 
view by which the vernier may be read with the eye placed 6-8 inches 
away. Thus after the staff readings have been taken, merely a down- 
ward glance to the horizontal circle is required to read the azimuth 
bearing, and thus complete the readings for any staff position with the 
least possible movement of the observer’s head. The near vernier is 
graduated to read to single minutes, while for special use another 
vernier, diametrically opposite, is divided to read 20 seconds. 


Cooxe, Troucuton & Snaxs, Lrp. 
3 Broapway, Westminster, S.W.L., 
ENGLAND. 

















THE USE OF A DISCHARGE TUBE FOR THE 
TRANSMISSION OF SPEECH 


By C. W. vAN DER MERWE 


ABSTRACT 
One of the chief defects of the “speaking arc’’ as used by H. Th. Simon in 1898, was its 
failure to reproduce in a satisfactory manner high-pitched tones. This failure was obviously 
due to the thermal inertia of the arc. 


The minuteness of the mass of the electron, and for that matter of the atom, suggested 
the substitution of an ordinary discharge tube for the electric arc. A tube of special con- 
struction containing a trace of a mixture of helium and neon was used and the substitution 
met with marked success, the high notes coming through much more clearly than in the case 
of the arc, sibilants like s and c being distinguishable from one another and voices being 
recognizable. Quantitative comparisons furthermore confirmed the superiority of the dis- 
charge tube over the arc. 

In 1898 H. Th. Simon' demonstrated how an electric arc might be 
made to serve as the carrier of sound. A periodic variation in the 
luminosity of the arc due to a variation of the current through it could 
be translated into sound signals with the help of a selenium cell and a 
telephone. The original arrangement of Simon, afterwards modified 
by W. Duddell? and Simon’ himself, consisted of an ordinary micro- 
phone circuit inductively coupled with the arc circuit. On speaking 
into the microphone the varying current through it caused a current of 
varying intensity to be superposed on the main current feeding the 
arc, the resultant variation in luminosity of the arc being communicated 
with the help of two mirrors to a selenium cell in series with a telephone 
and a battery. In this way the voice at the microphone was reproduced 
in the telephone. The reproduction was unsatisfactory, however, in the 
case of high tones. The voice after reproduction was shorn of its over- 
tones, sibilants were not clear, and it was difficult to distinguish be- 
tween ¢, g, and s. This defect was obviously due to the thermal 
capacity or thermal inertia of the carbon arc. 

The cathode-ray tube, the luminosity of whose discharge is due to a 
stream of electrons and ions of atomic mass, suggested itself as a pos- 
sible substitute for the arc, the minuteness of the electronic or atomic 
mass auguring well for an improved reproduction of high-pitched 
sounds. The discharge tube used was spherical in shape, the one 

1H Th. Simon, Wied. Ann., 64, p. 233; 1898. 


2W Duddell, The Electrician, 8, p. 9; Dec. 1900. 
* Simon, Phys. ZS., 17, p. 253; 1901. 
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electrode being a magnesium disk 1.2 cm in diameter and the other 1 
magnesium ring of slightly larger radius immediately opposite tl 
disc and about 1 cm distant from it. The tube was exhausted by means 
of a rotary mercury pump and a trace of a mixture of helium and neon 
gas was admitted, helium being used on account of the relatively sma! 
discharge potential associated with it. The light from the glow of the 
discharge could pass through the ring, fall on a spherical mirror and b 

reflected therefrom on to the selenium cell. In the first instance a tube 
with a constriction was used, but the luminosity of the discharge in th. 
narrow part was not as great as had been hoped, and the rise of tem- 
perature in the constriction was another disadvantage. Finally the 
form above described was adopted, the larger area of the glow on the 
disk better suiting the purpose of the experiment. 

The discharge tube was next substituted for the arc and the result 
was sufficiently encouraging to justify a quantitative comparison of the 
two. 

The armature of an a.c. generator was connected in series with the 
arc, a battery, a rheostat R, and a non-inductive resistance r (Fig. 1). 














Fic. 1 


By means of a six pool mercury key the tone of the alternating current 
superposed on the direct current feeding the arc could be heard 
directly in the telephone T by throwing the key over to the left. On the 
other hand, by throwing the key over to the right there could be heard 
the same tone caused by sympathetic variation of the intensity of the 
light which was focused by means of a lens L on a selenium cell Se. 
The variometer M made it possible to adjust these tones to equal 
intensity. In Table 1 are given the variometer readings in degrees for 
two different generator frequencies. 
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TABLE 1. 
Frequency 440 Frequency 1800 

67° 79° 
68 80 
65 81 
67 84 
62 79 
70 83 
64 77 

Av. 66 Av. 80 


The variometer coupling with the higher frequency was looser than 
with the lower, illustrating the less satisfactory transmission of high 
tones. The main current through the arc was maintained at 2.0 amp 
and the superposed alternating current was also kept constant 
throughout with the help of the voltmeter V. 

A similar procedure was adopted with the helium-neon tube except 
that the a.c. generator was coupled inductively with the tube circuit. 
A battery of 400 volts maintained a steady current of 14 milliamps 
through the tube and the superposed alternating current was kept 
constant at 4.5 milliamps. In order to get as large an amount of light 
as possible, the lens in Fig. 1 was replaced by two mirrors, but for the 
rest the scheme was exactly the same as that of Fig. 1. The variometer 
readings are given in Table 2. 




















TABLE 2. 
Frequency 440 Frequency 1800 
52 60 
62 58 
55 59 
56 57 
58 55 
54 57 
56 59 
Av. 56 Av. 58 


There is no evidence now of better transmission of the lower frequency 
than of the higher. Finally the “speaking tube” was set up as in Fig. 2. 
In order to amplify the variations in the current due to the voice and 
originating in the microphone circuit a five watt transmitting tube was 
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used. The light from the He-tube was focused as in Fig. 1 by two 
mirrors (of wti+ h ne is shown) on a selenium cell in series with a 
battery and a .ciephone. 

With a steady current of about 10 milliamp. flowing through the 
tube it was found possible to telephone a distance of 60 feet (which was 
the maximum distance the laboratory would permit) without the least 
difficulty. A tube built to carry say 1 ampere would undoubtedly 
permit transmission over a much greater distance. The high pitched 
tones were decidedly clearer than in the case of the ordinary arc. A 
final comparison was made by setting up two sets—an arc and the He 
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Fic. 2 


tube.) By, means of a’ six-pole:switchfthe microphone could be thrown 
either into the arc circuit or the tube circuit. , The greater clearness with 
which the tube reproduced the s, c, and g sounds, and the greater 
ease with which a voice could be identified was striking. 

I wish to express my thanks to the Royal Society of South Africa for 
a grant in aid of the above research. My thanks are also due to Prof. 
Max Reich of Gottingen University, Germany, for his interest in the 
work which was undertaken at his suggestion. 


WASHINGTON SQUARE COLLEGE, 
New York UNIVERSITY. 
New York Cry. 














A NEW SPUTTERING APPARATUS 
By Ricwarp M. BapGEeR 


The writer, in sputtering a large number of mirrors, has found that 
the apparatus and methods to be described have several advantages, 
particularly where very large and perfect mirrors are desired. The 
accompanying diagram will be self explanatory, and the dimensions 
given have been found convenient for mirrors up to 10 cm diameter. 

The apparatus has been designed to avoid the use of any grease or 
wax, except shellac, which is not objectionable, and which is used 
wherever a cement is necessary. The sputtering chamber consists of a 
large bottle from which the bottom has been cut with a hot wire, the 
irregular rim being ground flat with moderately fine emery. The 
ground rim should not exceed 3 mm in width and may be bevelled down 
to this dimension if necessary. This rim rests on a ring of gasket 
rubber, 1 cm wide, which is cemented to a thick aluminum plate serving 
as base, as well as anode of the chamber. We are indebted to Mr. 
Julius Pearson of the instrument shop of this Institute for this detail 
of construction. 

——______—— 380s —____"—_ 
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Fic. 1. Arrangement of sputtering chamber. 
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The tapered plug cemented into the neck of the bottle is of iron or 
aluminum ; and the aluminum hook below conveniently supports the 
cathode of the metal to be sputtered. This should have no sharp edges 
or corners, and is preferably a disk, larger than the work to be covered, 
turned up at the edge, and with a hook soldered to the upper side. 
A disk of copper thickly silver-plated will sputter a number of mirrors 
before the plating must be renewed. 

It is very desirable to use a mercury vapor pump for evacuation, but 
if a mechanical pump must serve alone, extreme care must be taken to 
prevent oil mist being carried into the chamber, as this spray often 
travels through considerable lengths of tubing and invariably causes 
discolored mirrors. The writer always uses a synchronous rectifier which 
utilizes both portions of the wave, but good work can be done with 
alternating current, but at half the rate on account of heating. 

The apparatus is operated as follows. The work to be sputtered is 
supported on a glass mount (as an inverted bottle), so that the surface 
will be from 3.5 to 4 cm below the cathode. The rim of the chamber is 
now moistened with water, pressed on the rubber gasket with a slight 
rotation, and the pumps turned on. A perfect seal should result, but in 
stubborn cases a little water squirted about the rim will be all that is 
necessary. Any other liquid or grease must be avoided. The chamber 
should thereafter be replaced 2!ways in the same position. 

The chamber should be flu;..ed with a little air two or three times 
before evacuation is compk, ¢, and the discharge should not be 
allowed to remain on until the dark space is 2 to 2.5 cm wide. The 
vacuum should be maintained at this value and an opaque coat of 
silver should be obtained in a little over an hour. With the dimensions 
given the current should be about 25-30 mi:fiamperes, which requires 
a potential across the secondary of the transformer of about 5-6000 
volts. For all ordinary purposes air is sati.. .ctory as a medium, and 
no drying or other treatment is necessary. 

When sputtering mirrors which have sharp edges or corners, streaks 
radiating from the corners may often result, or the edges may be 
bordered by a discolored rim. A little accessory shown in the sketch 
obviates this difficulty completely. It consists of a section of brass 
tube about 2.5 cm long and 12 cm in diameter, with a coarse grid 
(about 2 cm mesh) of fine copper wires, at one end. It is placed about 
the work with the grid about 1 cm above the surface to be sputtered. 
In operation the dark space should come not closer than 5 mm from the 














October, 1926] SPUTTERING APPARATUS 515 


grid, or the wires may cast shadows. As well as preventing the streaks 
mentioned, this device seems to assist in keeping the sputtered films 
clean, and if a trace of organic vapor is present, clean coats may be 
obtained even though a deposit of carbon is found on the grid. 

Other conditions for sputtering have been recommended in the 
literature; but the writer has found that those described give the most 
consistently good results, and require a minimum of time. 


NorMAN Brince LABorAToRY OF Paysics, 
PASADENA, CALIFORNIA, 
Feprvary 11, 1926. 


Measuring the rate of a tuning fork.—In connection with abso- 
lute electrical measurements, it has been necessary to develop a very 
accurate method of measuring the rate of a tuning fork. In this method 
the rate of the fork is compared with the period of a gravity pendulum 
as used by the Coast and Geodetic Survey. The rate of the tuning 
fork can be determined with an accuracy of 1 part in 100,000 in about 
10 seconds. 

One of the interesting applications of the method has been in the 
determination of the efiect of amplitude and temperature on the free 
vibration rate of two tuning forks, one of a good grade of machine steel 
and the other of a special nickel steel alloy known as “elinvar.” The 
temperature coefficient of the steel fork is about 1 part in 10,000 per 
degree, whereas with the elinvar fork the temperature coefficient is 
only 1 part in 100,000 per degree. However, the steel fork showed very 
little change in frequency with change in amplitude. When the ampli- 
tude of the end of the prongs varied frén 2 mm to 4 mm, the change 
in rate was not measureable, which means that it was less than 1 part 
in a 100,000. With the elinvar tuning fork, however, there was an 
appreciable change in the rate of the fork as the amplitude changed, 
there being an increase of,about 10 parts in 100,000 when the amplitude 
decreased from 2 mm to »4mm. As the forks are practically of identical 
dimensions, it is difficult to say what caused this difference in behavior. 
A further study of this%4uestion is now in progress. [Technical News 
Bulletin of the Bureau of Standards, March, 1926.] 


Spectrum-Analysis of Striae in Hydrogen.—The striae are pro- 
duced in rarefied hydrogen, evidently mixed with vapors from stop- 
cock grease, with a voltage of 100 to 150 between a hot filament cathode 
and cold anode. The length of the spectroscope slit is apparently 
parallel to the axis of the tube so that from the photographs it is possible 
to tell where in the stria each particular kind of radiation (Balmer lines, 
Fulcher bands, continuous band) is emitted with maximum intensity. 
Thus in the striae obtained at higher pressures, which are blue towards 
the cathode and red towards the anode, H, has its maximum near the 
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cathode end, H, 0.5 mm farther on, and H, 1 mm farther yet, while the 
several Fulcher bands have their maxima scattered in between with 
the higher-frequency ones nearer the cathode. Lau assumes that the 
positions of maximum intensity for H,, Hs and H, are those where the 
average energy of the electrons has the excitation values for these 
lines. Thence he deduces the excitation potentials of the bands; also 
the way in which the electron energy varies in striae of other types 
obtained under other conditions, leading inter alia to the odd conclusion 
that in striae of one kind (those which appear at low pressure and are 
red toward the cathode and blue toward the anode) the electron energy 
decreases from the cathodeward to the anodeward side! If the assump- 
tion is justifiable, the method of estimating the electron energy at 
various points of a stria is clearly valuable-—|E. Lau, (Reichsanstalt); 
Ann. d. Phys., 77,/’pp. 183-194; 1925.] 


Kari K. Darrow 


Self-Sustaining Glow-Discharge With High Frequency emf.— 
Kirchner determines the minimum maintaining potential (or “break- 
ing”’ potential) for glow discharge in tubes containing air, O2, H: or Ne, 
subjected to alternating emf. of radio frequencies. The amplitude of 
the alternating voltage between the electrodes is ascertained by a 
method which amounts to connecting these to two electrodes in a totally 
evacuated tube and measuring the voltage between these from the de- 
flection of a beam of electrons shot through the interspace between 
them. At frequencies of 107-10* the (amplitude of the) minimum main- 
taining voltage is severalfold smaller than the minimum maintaining 
voltage for a D.C. discharge, although from this and prior evidence the 
decline does not seem to set in until the frequency nearly or quite 
reaches 10’. By a simple calculation it is shown that an alternating 
voltage of amplitude 16 and frequency 3.3 - 10* would cause free elec- 
trons to describe oscillations of amplitude 2 cm which is the order of 
magnitude of the actual electrode-distances; the decline may therefore 
be due to the ionization in the tube being multiplied through the long 
sojourn of individual electrons in it. The voltage vs. pressure curves 
display the minimum familiar in ordinary sparking-potential curves, 
and which occurs at a pressure increasing as the electrode distance is 
decreased. The least maintaining voltage ever observed amounted to 28 
volts in air and 15 volts in neon, the latter value lying close to the least 
resonance potential of the gas. Assuming that at the pressure of least 
maintaining potential the mean free path of an electron between ioniz- 
ing collisions is equal to the distance between the electrodes, Kirchner 
calculates values for the former which come out 3 to 5 times the product 
of atomic mean free path by 4./2.—[F. Kirchner (Munich); Ann. d. 
Phys., 77, pp. 287-301; 1925.] 


Kart K. Darrow 














AN INSTRUMENT FOR THE DETERMINATION OF 
THE OPTIC AXIS OF LARGE CRYSTALS 
OF QUARTZ 


By L. H. Dawson 


The instrument described in this paper was devised to determine the 
optic axis of pieces of quartz of any size and shape and the surfaces 
of which are not highly polished. For many years instruments for 
determining the optic axis of crystals have been available. As a rule 
crystals accommodated by these instruments must be small and well 
cut and polished, thus making it impossible to adapt the instrument 
to the determination of the optic axis of the rough quartz crystals as 
they come from the mine or of the larger pieces of quartz that have 
been cut to some regular shape and have roughly ground surfaces. 
The description and the manipulation of these instruments are thor- 
oughly discussed in standard treatises.' 

The method involves the determination of the direction of the optic 
axis of the quartz crystal with respect to some reference line on the 
crystal specimen, by passing a ray of convergent or divergent plane- 
polarized light through the quartz. When this ray of light passes 
through in the direction of the optic axis and is analyzed by a nicol 
prism, a system of concentric rings crossed by dark brushes at right 
angles to one another is seen. These rings are black if monochromatic 
light is used and colored in the case of white light; the size of the circles 
depends upon the angle of convergence of the light and the thickness of 
the quartz. The greater the angle of convergence, the smaller the rings and 
the thicker the quartz, the smaller the rings. The theory of the 
rings is discussed in detail in treatises on optics.? In order to render the 
surfaces of rough or unpolished quartz sufficiently transparent and to 
avoid undesirable dispersion effects, the quartz crystal is immersed 
in a liquid of approximately the index of refraction of the quartz. 

Although in principle the method is adaptable to finding the optic 
axis of large specimens, it was found in practice unwise to attempt 
measurements on pieces greater than 4 cm in thickness and 10 cm long, 
chiefly because specimens larger than this, besides being inconvenient 
to handle, were often times imperfect, having cracks, holes, and other 


1 Tutton, “Crystallography and Practical Measurements.” 1/, p. 1036. 
2 Wood, “Physical Optics,” p. 320, 1911. Houston, “A Treatise on Light,” p. 198, 1915. 
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irregularities, which of course were usually more abundant near the 
surface. To make accurate measurements on such material it was 
necessary to cut small test pieces from the specimens and to find the 
direction of the optic axis with respect to a reference line on their 
surfaces. The direction thus found had then to be referred back to the 
original specimen and a second instrument was devised for carrying 
out this reference measurement in a simple and quick manner. 


an 
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Fic. 1. An instrument for determining the optic axis of large crystals of quartz by 
means of the ring system produced by convergent or divergent light. 
The instrument for the determination of the optic axis is shown by 
diagram in Fig. 1. A 25 watt tungsten lamp, A, is enclosed in a metal 
case with a circular opening about 10 cm in diameter in the top. This 
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opening is covered with a ground glass, B, to produce a uniformly 
illuminated field. The light is rendered plane polarized by the small 
nicol prism C which is about 10 mm square and 30 mm long. Above this 
is placed a reddish color filter D. The converging lens E, approximately 
12 cm in focal length and 5 cm in diameter, placed about 10 cm below 
the plate F produces the beam of convergent light which passes through 
an opening in plate M and through the quartz specimen mounted on 
M. The lens O placed about 10 cm above the top of the quartz and of 
about 5 cm focal length produces a small brilliant image of the ring 
system. This lens is so adjusted that the central ring is about 5 mm in 
diameter. The eyepiece Q is a small peep hole of about 1 mm diameter 
without a lens, and enables the observer to place his eye always in the 
same position. 

Plate F contains a circular opening through the center about 12 cm 
across. Upon this plate is placed a tank containing oil in which the 
piece of quartz to be examined is immersed. While it is better to have 
the bath as nearly as possible of the same index of refraction as the 
quartz, it was found that a clear mineral oil, the refractive index of 
which was approximately that of the quartz, was satisfactory. This 
tank consists of a metal cylinder, J, five inches in diameter and five 
inches high with a glass bottom and within this cylinder is a platform, 
L, which may be rotated about an axis parallel to the bottom of the 
cylinder and controlled from outside of the bath by means of the semi- 
circular scale J. The plate J is graduated, with a vernier H capable of 
reading to five minutes of arc. The cylinder itself may be rotated as a 
whole about a vertical axis, the amount of rotation being measured by a 
scale and vernier G. The platform, L, carries a plate M, which may be 
rotated about an axis in its own plane and at right angles to the axis of 
the platform L. The angle of rotation of M is measured by the circular 
scale and vernier N. 


ADJUSTMENTS OF THE APPARATUS 


The preliminary adjustments of the instrument, without the quartz 
crystal, consist in the proper alignment of the lenses, prisms, and lamp 
so that the beam of light passes through the opening in the metal plate 
supporting the bath of oil and through the bath itself. The lens O is 
adjusted in a vertical direction so that a clear, circular field is seen in 
the eyepiece and this position must be such that when the quartz to be 
examined is in position, a clear and distinct image of the quartz is 
visible. On account of the varying thickness of the quartz the same 
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vertical adjustment of the lens O may not bring out the most distinct 
ring system in the different pieces of quartz examined, so that a slight 
vertical adjustment of the upper lens must be made in each case. 

The circles should be neither too large nor too small for if they are 
too small the center of the inside circle may not be determined accu- 
rately and if they are too large then the entire inner circle may not be 
visible with a consequent decrease in the accuracy with which the 
center of the circle may be found. Furthermore, if they are too large, 
they are too weak in intensity to enable one to distinguish accurately 
the edges of the circles. With the thickness of quartz used, which 
varied from 1 to 30 mm, it was found most convenient to use a con- 
verging beam from lens E (Fig. 1), the angle of convergence of which 
was about 15°. In extreme cases of very thick or very thin samples of 
quartz a lens of different focal length may be better. 

The lens O is fitted with two perpendicular cross hairs marked on 
the glass, their intersection being at the center of the field. The cross 
hairs are brought parallel to the axes of revolution of plates L and M, 
respectively. 

With verniers Hand J set at zero, the plate M is adjusted by means 
of the leveling screws until its plane is perpendicular to the ray of light 
from lens E, and subsequent angles are measured from this position. 


PROCEDURE 


A quartz crystal may be described crystallographically as of the 
“‘Trigonal Trapezohedral” crystal of class 18, characterized by three 
equal crystallographic axes lying in the same (horizontal) plane and 
inclined at 60° with one another and a fourth (principal) axis perpendi- 
cular to the plane of the other three. The three horizontal axes are 
the diagonal, and the principal axis is the trigonal and also the optic 
axis of the crystal. Thus the principal axis is parallel to the planes of the 
six faces of the hexagonal prism of the quartz crystal and lies at an 
angle of 24°16’ to the six faces of the hexagonal pyramid. There may 
exist on the faces of a crystal, lines of natural growth and these in 
general lie in a direction perpendicular to the optic axis. Thus when 
these growth lines are present on at least two faces the direction of the 
optic axis is immediately determined. 

The quartz crystal may exist in two forms, the first which is capable 
of rotating the plane of polarization of light to the right and the other 
which is capable of rotating the plane of polarization to the left. It is 
often the case that in specimens of quartz these two forms appear 
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together, having portions of the crystal in common. This phenomenon 
is known as twinning’ and is objectionable in apparatus which requires 
perfect quartz crystals. The instrument of Fig. 1 by a slight adjust-’ 
ment may be used to test the quartz for twinning. 

The rough sample in general is not a perfectly developed crystal 
and may have none of the characteristic features of the quartz crystal. 
Each piece to be investigated is first examined for traces of growth lines 
or portions of faces. In the most general case where there are no faces 
visible, three small test sections about 3 mm thick with faces roughly 
but not necessarily parallel are cut in such a manner that their planes 
are at right angles to one another. How they are cut from the crystal 
is determined by the size and shape of the crystal. The optic axis of 





Fic. 2. An instrument for placing lines on the rough quartz perpendicular 

to the optic axis when the direction of the optic axis is known. 
course will lie within 45° to the normal to the surfaces of at least one 
of these pieces. In the case of a crystal fragment where one face is 
recognizable, two test sections are cut from the rough piece in such a 
manner that their planes are mutually perpendicular and at the same 
time perpendicular to the plane of the face. The optic axis will then 
lie within 45° to the normal to at least one of the test pieces. In the 
case where there is a face with a growth line on it, a small section of the 
major piece is cut in such a manner that the plane of the section con- 
tains the growth line. 


* Tutton, loc. cit., 2, p. 497. 
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Fig. 3 shows examples of the three cases. Example A is‘a piece with 
no faces visible thus the three test sections denoted by S’, S’’ and S’’’ 
‘are cut perpendicular to each other. Example B, on the other hand, 
shows one face 6, consequently two test sections S’ and S’’ are cut from 
the piece. Example C shows three faces c’, c’’ and c’’’ and thus neces- 
sitating only one test section S’. 

Having cut the test sections, the surfaces are smoothed with a fine 
grade of emery until they become transparent when immersed in oil. 
The sections are then ready for the measurement of the optic axis. 

On each of the test sections is drawn a fine straight line a with India 
ink as shown in Fig. 3. The section is placed in the oil tank in such a 
manner that the line is parallel to the horizontal axis of rotation of M. 
The face of the section contiguous to the plate is opposite to the face 





Fic. 3. Examples of rough pieces of quarts in which the direction of the 
optic axis cannot be determined by superficial examintion. 


that would lie next to the original crystal when the section is fitted 
back on the crystal in the proper manner. This is very important. The 
plates are then rotated until the optic axis rings are visible and the 
scale readings N and J taken. 

Having obtained the angles of the optic axis with respect to the 
perpendicular to the plane of the section, the test section is taken from 
the oil bath, the surplus oil wiped from the piece, and placed back on 
the original quartz as is shown in Fig. 3 so that it corresponds to the 
same position that it had before cutting. It is probably better to cover 
the surfaces in contact with glue or shellac before putting them to- 
gether and allowing them to dry. When this has been done, the original 
piece of quartz with the attached section plate is placed upon the plat- 
form B of the second piece of the apparatus as is shown in Fig. 2 and 
clamped in such a position that the line drawn on the section plate is 
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again parallel to the horizontal axis of rotation of plate B and is in the 
same direction as it was in the oil bath. 

The platform B is capable of being rotated about two axes at right 
angles to one another reproducing the same motion that the platform 
M in the oil bath is capable of undergoing (see Fig. 2). The angles 
previously read in the oil bath are turned off in the proper scales, care 
being taken to turn them off in the same direction. The plates of the 
instrument are clamped. The feet of the vertical scale A are placed 
upon the base plate and the cross bar adjusted until it is parallel to the 
base plate and in such a position as to enable one to draw marks upon 
the surface of the piece of quartz parallel to the top of the crossbar, 
when the cross bar is placed against the quartz. The horizontal bar is 
placed against the quartz and a fine line drawn with a ruling pen and 
drawing ink. Shift the bar to another position and make a second mark 
taking care that it is not parallel to the first. These lines are shown at l 
in examples A, B and C in Fig. 3 and they lie in a plane perpendicular 
to the optic axis of the piece of quartz. The rough piece of quartz 
may then be taken from the plate and oriented upon the saw bed in 
such a position that the plane of the saw cut will be parallel to the plane 
determined by the two lines drawn on the quartz. The plane of the 
saw cut will be perpendicular, within the error of the instrument, to the 
optic axis of the quartz. The piece may then be cut into slabs of any 
desired thickness. If the quartz is to be cut at an angle to the optic 
axis then the angles turned off on the respective scales must be those 
read in the oil bath increased by the angle at which the optic axis is to 
lie to the perpendicular to the quartz surface. Fig. 4, examples A, B and 
C show the same pieces of quartz as in Fig. 3 after the optic axes of the 
rough pieces have been determined and after they have been cut into 
slabs with parallel faces. The instrument can be readily used to obtain 
the optic-axial angle of crystals of any size or shape that can be accom- 
modated by the tank. In particular cases the entire central ring of the 
system may not be visible as in the case of thin slabs of quartz of a 
millimeter or less in thickness and in which the optic axis lies in the 
plane of the slab. It is necessary in such cases to estimate the center of 
the ring. 

In the case of crystals which are cut into slabs, the edges of which 
are opaque, and in which the optic axis lies in the plane of the slab, an 
extinction method is the most convenient. This method is based upon 
the principle that when a ray of light from a polarizing nicol prism falls 
on a double refracting substance like quartz, perpendicular to the optic 
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axis, the ray is broken up into two plane polarized rays, polarized in 
planes at right angles to each other. One of these planes will contain 
the optic axis. Consequently when these rays are viewed with an 
analyzing nicol the plane of which is at right angles to the plane of the 
polarizer there will be four positions of extinction as the quartz is 
rotated about an axis perpendicular to the plane. These positions will 
be 90° apart and will occur when the planes of polarization of the ray 
from the quartz are at right angles to the plane of the analyzer and 
polarizer. A reference line is drawn on the surface of the crystal and 
aligned parallel to one of the cross wires of the instrument and the 
reading taken on the horizontal scale G. The immersion tank is ro- 





Fic. 4. Examples of rough quarts cut into 28mm slabs after the 
direction of the optic axis has been determined. 


tated until the position of extinction is observed and again the reading 
of G taken. The specimen may then be taken from the oil and the direc- 
tion of the optic axis with the reference line be determined by means 
of a protractor. 

The instrument may also be used to test quartz crystals for twinning. 
To do this, the quartz is placed on plate M and adjusted until the optic 
axial rings are visible; the lens O is then pushed aside. In this position 
the presence of twinning is detected by brilliantly colored areas of 
irregular shape. The quartz may then be moved about on plate M, 
until the entire surface has been examined. 

In conclusion, it is a pleasure to mention the valuable preliminary 
experiments on this type of apparatus carried out during the summer of 
1925 by Mr. Joseph Kaplan. 


Heat anv Licat Drvision, 
Naval ResearcH LABORATORY, 
Wasuincton, D. C., 
Apri 5, 1926. 


* Tutton, loc. cit., 2, p. 898. 

















THE USE OF THE PHOTOGRAPHIC DENSITOMETER 
IN RADIOGRAPHY 


By Joun T. Norton AnD B. E. WARREN 
ABSTRACT 


The examination of radiographic negatives with a photographic densitometer has shown 
that it is possible to determine the size of a discontinuityin the material with considerable 
precision from the densitometer readings. A densitometer of the thermoelectric type was 
used and it is shown theoretically that the galvanometer deflections are connected by a defi- 
nite relation which is independent of total thickness of the material. The minimum variation 
in thickness which can be detected by this method has been determined for some of the 
common metals. 

The use of x-rays to locate defects or inhomogenieties in various 
materials is becoming of considerable importance in engineering and 
industrial fields. This process, known as radiography, consists in 
placing the object to be examined between a source of x-radiation and a 
photographic film. Any variation in thickness of the sample, due to 
interior or exterior discontinuities is recorded on the film as a variation 
in the amount of blackening produced. By this means the projection of 
the blow hole or other defect can be quite accurately determined, but 
its size in a direction normal to the film can be estimated only in a 
general way by the degree of blackening. It is the purpose of this 
investigation to study a method of accurately measuring the depth of 
such a discontinuity by means of a densitometer. 

The Densitometer—The densitometer used in the present work is of 
the thermoelectric type and in many ways is similar to the design 
of Harrison. The thermoelement, however, is of slightly different 
design and consists of four overlapping copper-constantan couples. 
The light source is a six volt, twenty-one candle power head light bulb, 
operated from a large storage battery and its intensity is kept constant 
by the indications of a simple potentiometer. The illuminated area on 
the film is about one-eighth of an inch in diameter which is small 
enough for most work on radiographic negatives. The thermoelement 
is connected to a Leeds and Northrup high sensitivity galvanometer. 

The radiographic equipment consisted of a 250 K.V generator of the 
mechanically rectified type and a Coolidge “Deep Therapy” type tube. 

Theoretical Considerations—It is possible to deduce the relation con- 
necting the thickness of a discontinuity in a radiographic sample and 


1G. R. Harrison. J.0.S.A. and R.S.L., 10, p. 157; 1925. 
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the galvanometer deflections produced when the radiographic negative 
of this object is introduced into the densitometer. Such a process 
requires the adoption of several assumptions, but these seem justified 
under the particular conditions and they will be considered in detail as 
they appear. 

Let us imagine the ideal condition of a radiographic sample with 
parallel faces and of a thickness a. In the central portion there is a 
discontinuity, also with parallel faces of thickness x. Above the sample 
is the source of x-rays and immediately below it is the photographic 
film which records the intensity of the radiation passing through the 


sample. This is shown in Fig. 1. 
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Fic. 1. Arrangement for radiographic examination. 


Let J, =initial intensity of radiation 
and /,=intensity after passing through the full thickness of the 
object. 
I,=intensity after passing through the portion of the object 
which has been decreased in thickness by an amount x due to the 
discontinuity. 
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Assuming that the x-ray beam is homogeneous which is practically 
true after passing through even small thicknesses of metal, it follows 
that: 

I,=le“* (1) 
and 

I= Te-¥e-) (2) 
where yw is the linear absorption coefficient of the material for the 
efiective wave length of the beam. 

By changing these expressions to the logarithmic form and com- 
bining: 

InJ,—In],= px (3) 
It is true from this that 

InJ,T—InI,T =x (4) 
where T is the time of exposure. The product of the intensity and time 
will be called exposure. 

When double intensifying screens are used, as is common practice, 
the blackening produced directly on the film by the x-rays is less than a 
fifteenth of that produced by the screens and hence may be neglected. 
The blackening produced will then be approximately proportional to 
the logarithm of the exposure as in ordinary photographic conditions. 
Thus we may write in general. 

CB=In(JT) 
and in this particular case 
C(B.— B,) =x (S) 


using the same subscripts as before. C is a constant and B represents 
the blackening, that is, the number of grains of silver per unit area. 
Now consider this film to be put in the densitometer. 

i, =intensity of light from source 

i, =intensity of light after passing through the normally blackened 
film and 

4,=intensity of light after passing through portion under the 
discontinuity. The emergent and incident light intensities are con- 
nected with the blackening by an exponential relation and we have 


i,=ie™B, (6) 
ig=ie™, (7) 
where 7 is a constant. 
Combining (6) and (7) 


i ta : 
(B,— Bg) =— In cares (8) 
n tz 
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Combining (5) and (8) 





px 1 ta 
—— ee <- In — 
Cc n tz 
or : 
to nh 
In—={—) 2° 9 
=~ (@) y 
If the difference between i, and i, is small compared with 7, we may 
write et 
Iq tz Ul 
=({— . 10 
ia (=) ‘i - 


The deflection of the galvanometer is roughly proportional to the 
intensity of the light falling on the thermoelement so that the follow- 


ing relation results 
D, —- D.- 
= (“) x: (11) 
dD, Cc 


This relation states that if we measure the galvanometer deflection 
for that part of the negative corresponding to the full thickness of the 
sample and for that part corresponding to the discontinuity which has 
a thickness somewhat less, the difference of these values divided by the 
full thickness deflection is equal to a constant times the thickness of 
the discontinuity itself. The realation is independent of the actual 
value of the full thickness of the sample. The constant term nyu/C 
depends only on the material of the sample and on the voltage applied 
to the x-ray tube. 

Experimental Verification—To test this result experimentally, flat 
blocks of steel, aluminum and brass were prepared in various thick- 
nesses from 44 inch up. The discontinuities were produced by milling 
slots of different depths. Radiographs were made at different voltages 
using care to have constant development conditions and the films 
measured with the densitometer. Fig. 2 shows the deflection function 
(D.—D./D.) plotted against the variation in thickness. The curves 
indicate that for a considerable portion of their lengths the densitome- 
ter reading is proportional to the variation in thickness. In the regions 
where the blackening under the slots was considerably greater than 
that of the background, the assumptions made do not hold accurately 
and the curves depart somewhat from a straight line. 
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It is interesting to consider the slope of the curves which is de- 
termined by the factor (nu/C). In the first place, the slope increases 
with the atomic number of the material. Thus curves for other material 
could be predicted. The slope of the curves decreases as the voltage 
increases and hence for a given variation in thickness the quantity 
(D.—D.)/D,. which is really the contrast in the negative decreases as 
the voltage is increased. This is a well recognized laboratory observa- 
tion. 
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Fic. 2. Deflection factor plotted against variation in thickness. 
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The slope of the curve is independent of the total thickness of the 
sample which means that a blow hole an eighth of an inch, deep should 
be quite as easily visable in a half inch casting as in a three inch casting 
provided the same voltage is used to operate the x-ray tube. Practically 
this not quite true because of the scattering of x-rays in the interior of 
the sample particularly when long exposures are required. But the 
common idea that the smallest detectable blow hole is proportional to 
the thickness of the sample is erroneous. 
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With the galvanometer used it was possible to measure values of 
(D.—D.)/D, as small as 0.08. This corresponds to the following mini- 
mum detectable variations in thickness. 

Bronze at 150 K V —-—-— 0.005 inches 
Steel at 150 K V ——-— 0.008 inches 
Aluminum at 150 K V-—-—-— 0.030 inches 
Aluminum at 75 K V —--- 0.015 inches 

It seems as if this method would be quite useful in the case of radio- 
graphic problems where it is desired to examine the internal structure 
in a fairly precise quantitative manner. 


Dept. or Prysics, 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
CAMBRIDGE, Mass. 


Search for Polarization of Light Excited by Unidirectional 
Stream of Electrons.—Light excited from atoms of a gas by a stream 
of electrons moving along parallel lines through it might be expected 
to show polarization, complete or partial, with the electric vector along 
the direction of electron flow. Suppose for instance that the atoms 
contained electron oscillators, so bound that the energy transfer at 
impact from a free electron is completed within a time small compared 
with their period; if an impinging electron having just the excitation- 
energy transfers its entire energy to the bound electron, conservation 
of momentum requires that the oscillations of the latter electron be 
along the direction of motion of the former. This would entail complete 
polarization; impacts by electrons possessing more than the excitation 
energy and transferring just that would result in calculable partial 
polarization. The experiment was tried with electrons projected 
through sodium vapour with energy somewhat more than sufficient to 
excite the D-lines. The result was definitely negative. An interesting 
incidental observation is this, that if the pressure of the Na vapor is 
more than a few y, the whole content of the tube (not merely the path 
of the electrons) shines with D-light as soon as the electrons are given 
the exciation energy for the D-lines, because of diffusion, absorption, 
and re-emission of quanta; but if the energy of the electrons is increased 
past the excitation values for the next levels, the path of the electrons 
stands out clearly visible in the light of the newly excited lines, since 
these are not absorbed by normal atoms and hence do not diffuse.— 
[W. - ps and C. Gerthsen (Kiel); Ann. d. Phys., 77, pp. 273-286; 
1925. 


Kart K. Darrow 














A SIMPLIFIED PASCAL INTEGRAPH 
By Paut KreKPATRICK 


The interpretation of certain experimental records involved frequent 
use of the relation f(t) = y+k(dy/dt). The function f(¢) was given in the 
form of a continuous curve on photographic paper, while the desired 
quantities were the corresponding values of y. The discovery of an 
analytic expression representing f(¢) was out of the question, so the 
problem of obtaining approximate graphic solutions was undertaken, 
and the instrument pictured below resulted. 






Fic. 2. The integraph on the draughting table. 


| nd 


Fic. 1. Sketch of the integraph from above. 


While the applicability of the device is limited to its use in connection 
with the particular equation given above, some special interest may 
attach to the design in view of its simplicity. This simplicity has been 
attained by the substitution of circular motions of long radii where a 
rigorous theory would require straight line motions. The inaccuracies 
incurred by these approximations may readily be reduced to negligible 
magitudes and they are in part self-cancelling. 
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In principle the integraph resembles the instrument ascribed to 
Professor Pascal (Dictionary of Applied Physics, Glazebrook, Vol III, 
page 456). Fig. 1 depicts the integraph as seen on the draughting 
table from above. The arm OA rotates about O, a vertical pivot fixed 
with respect to the table. The rods AW and AP are pivoted inde- 
pendently to the end of the Tong arm at A. An integrating wheel is 
mounted under W in such a manner as to roll freely upon the drawing 
paper when led by the tongue WL. The right or leading end of the 
tongue is directed in its travels by the hand of the operator upon 
a vertical stylus at P. This stylus is rigidly fixed in the end of the 
member AP but is movable longitudinally with respect to the tongue, 
being thrust through a slot which extends the length of the latter. 

When the stylus is directed along the curve f(¢) the integrating wheel 
describes the curve y, leaving a record by indenting the paper, or 
acting through carbon paper upon a sheet placed below. To elucidate 
the relation between the two curves let it be assumed that the radii 
AP and AW are so long that perpendiculars dropped from P and W 
upon the ¢ axis are always separated bya constant (although adjustable) 
amount, k, regardless of the ordinates of either W or P. In view of the 
connection between the wheel and its tongue, a line WP is at any 
instant tangent to the curve being described by the wheel. That is to 
say 

fy _ dy 
ae 
which is identical with the equation introduced in the opening para- 
graph. 

The errors introduced by the actual slight inconstancy of k are of 

constantly varying magnitude. In the work referred to the values of y 
obtained were never more than two per cent in error, which was con- 
sidered sufficiently good. This error could have been reduced to, at 
most, one half of one per cent by the use of longer members OA, AP, 
and AW without excessive ungainliness or inertia. 
, Fig. 2 makes the constructional details evident. Two of the longer 
arms are of wood and all other parts of brass, with the exception of 
steel shafts at O, A, and W. The problems of construction are not such 
as to overtax the moderately well equipped shop. The model illustrated 
is due to the skill of Mr. M. C. Magarian. 
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A LABORATORY DEVICE FOR SECURING 
CONSTANT ANGULAR SPEED 


By Paut KrirKpatrick AND M. C. MAGARIAN 


The authors evolved this device during the development of a pre- 
cision centrifugal force machine for pedagogical use. The constant 
speed feature which we adopted appears applicable to any electrically 
driven rotation, and since it combines excellent performance with 
simple construction out of materials sure to be at hand in the physical 
laboratory a brief description is here presented. 

A W-shaped tube, which may be of centimeter glass tubing, rotates 
about a vertical axis concentric with its central upright, being supported 
by bearings disposed below. The shaft protruding through the lower 
bearing may terminate in a gear, pulley, or yoke for engagement 
with the apparatus whose speed is to be regulated. A vertically ad- 
justable iron electrode descends into the central glass tube and dips 
into the mercury shown therein in Fig. 1. The mercury is also electri- 
cally connected to the axis of rotation and thence through a bearing 
to a stationary binding post. 
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Fic. 1. Centrifugal regulator for electric motors. 






































When the system is put in rotation the mercury is displaced out- 
wardly, rising in the outer tubes and falling in the central one until 
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its contact with the electrode is severed. This interruption acts through 
a suitably connected external circuit to reduce the speed of the driving 
motor until contact is again restored. Fig. 2 shows the connections we 
have used for regulating a small “universal” motor such as is used for 
driving sewing machines. The rheostat R, fixes the approximate speed 
desired. A portion of R; is shunted by a low resistance path through the 
mercury whenever the latter makes contact with the electrode, C. 
Accordingly when this contact exists the motor speed increases, dis- 
placing the mercury toward the outer arms until the contact breaks, 
cutting in all of R; which in turn reduces the motor speed. Thus the 
mercury level in the central arm hovers about the tip of the electrode 
indefinitely, with slight and regular oscillations about the height of 
contact. With both rheostats carefully adjusted these oscillations are 
scarcely noticeable. 

















de” 
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Fic. 2. Connections used for regulation of a series motor. 


Since the angular velocity is solely dependent upon a balance be- 
tween gravitational and centrifugal forces the device may be employed 
to maintain uniform rotation for hours or days if desired. We have 
driven the regulator at speeds varying from sixty to a hundred and 
eighty rpm, with uniformly satisfactory results. Of course the speed 
of the regulated system may have a higher or lower value, depending 
upon the mode of coupling. 

Students who have had some experience in laboratory measurements 
will not find difficulty in formulating the equations governing the 
action of the regulator, and, in case a revolution counter is provided, 
will be able to make a more accurate verification of the laws of centrifu- 
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gal force than is obtainable with standard laboratory devices used for 
this purpose. In a set of twelve such observations recently made by 
one of us the observed and the predicted angular velocities were found 
to differ by only .3 per cent. 


DEPARTMENT OF PuHysIcs, 
UnNIvEersity or Hawan, 
Honovutv, T. H. 


Astronomical Physics. By F. J. M. Stratton, formerly Assistant 
Director of the Solar Physics Observatory, Cambridge, Lecturer of 
Gonville and Caius College. xi+213 pages, and 32 plates. E. P. 
Dutton and Company, New York. $5.00. 

The aim of the author has been “‘to provide a useful book which every 
astrophysicist and not a few spectroscopists would want constantly 
within reach,” and yet which would not make a volume of too large 
dimensions. It is recognized at once that this latter objective is ex- 
tremely difficult in this rapidly growing field. 

The content of the book is best indicated by giving the headings of 
the fourteen chapters: Mainly Historical; Instruments; Laboratory 
Investigations; The Sun; The Solar System; Stellar Radiation; Motion 
in the Line of Sight; Stellar classification; Giant and Dwarf Stars; 
Nebulae; Novae; Variable Stars; Stars with Peculiar Spectra; Specula- 
tions in Cosmogeny. In addition there are eight appendices giving 
valuable wave length data and tables, sunspot maxima and minima, etc. 
A valuable feature of the book is the carefully selected references to 
original sources—as early as 1802; as late as 1925—-by means of which 
more detailed study can be made. The reader will also appreciate the 
excellent series of plates particularly those of spectra. 

It is difficult for any but the specialist to keep in touch with such a 
rapidly growing subject. But concise books of this kind, while valuable 
to the specialist as a working outline, are of great assistance to the lay 
reader, who does not wish to be left entirely behind. 


F. K. RicHTMYER 


Distribution of Potential and Electron Density in a Low 
Voltage Arc.—An arc discharge between a hot cathode and a cold 
anode may be sustained in argon when the P.D. between the two is 
steady (i.e., no oscillations can be detected) and only 3.5 volts, although 
the least resonance potential of argon is 11.5 volts. Similarly arcs have 
been observed to persist in He, Ne and A when the anode cathode 
voltage is permanently below the least value sufficient to produce ions 
even by cumulative action. In particular experiments with argon, 
Compton and Eckart used a tube with a filament cathode apparently 
about 1 cm away from a nickel anode 4 by 6 cm, and an exploring 
electrode consisting of a wire glass-sheathed except for its extremity, 
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which was inserted at various points between anode and cathode and 
behind this latter. They plotted the logarithm of the current into this 
vs. its potential, and interpreted the curves by Langmuir’s method 
(This Journal, /2, p. 566) to obtain the potential, the electron density, 
and the “temperature” of the electrons (the curves support the pre- 
sumption that these have a Maxwellian distribution of energy, cor- 
responding to a temperature not necessarily that of the gas). The most 
striking result is that in a region nearer to the cathode than to the 
anode, and particularly behind the cathode, the potential is higher 
than that of the anode itself! in two cited cases it reached 10.6 and in 
one 11.6, while the anode potential was 5.2, 6.2, 8.2 volts respectively 
—values quite sufficient to ensure ionization (by cumulative process). 
The higher the potential, the higher the electron density, as is the con- 
dition in thermal equilibrium of an electron gas; and the authors con- 
ceive of a diffusion of electrons down the concentration gradient against 
the electric force acting on them. In helium and in mercury vapor 
sustaining low voltage arcs, potentials higher than that of the anode 
and associated high electron densities are likewise found to occur. 
The ‘‘temperature” of the electrons appears to vary irregularly with 
their concentration, although the authors do not comment on this.— 
{[K. T. Compton and C. Eckart; Phys. Rev., (2), 25, pp. 139-146; 
1925.] 


Kart K. Darrow 


Analysis of spectra of the iron triad, particularly nickel.— 
The multiplicities found in these spectra are: Fe 7, 5, 3; Co 6, 4, 2; 
Ni 5, 3, 1. The normal states are a quintet D-state for Fe, a quartet 
F-state for Co and a triplet F-state (with very near to it a triplet D- 
state) for Ni. The corresponding magneton-numbers are 6, 6, 5; of 
these the last (at least) does not agree with the direct determination by 
Gerlach. All terms in all three spectra are inverted; the term separa- 
tions increase in roughly the ratios 1:2:3 in passing from Fe through 
Co to Ni; but when terms are mapped in their proper numerical values 
the three spectra display a good deal of similarity, and suggest that the 
ionizing potential increases slightly from Fe to Co and from Co to Ni. 
In the case of nickel especially, the terms fall into two groups, overlined 
and non-overlined; combinations within either group conform to the 
selection rule Ak= +1 or +3, transitions involving Ak = +1 being by 
far the more frequent; combinations between the two groups conform 
to the selection rule Ak=0, +2, transitions involving Ak =0 being by 
far the more frequent. Combinations between the singlet and the 
quintet system occur, which is unexpected. The selection rule for j 
is obeyed widely and accurately. Zeeman effect data are very scanty, 
but such as there are do not contradict the classification made.—|{K. 
Bechert and L. A. Sommer (Munich); Ann. d. Physik, 77, pp. 
351-371, 537-549; 1925.] 


Kart K. Darrow 





